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ABSTRACT 


The old workings for copper about 2 miles north of Yenambail 
(Long. 80° 41’, Lat. 17° 41’) in Khammam District were first reported by 
C. Mahadevan in 1943, while in Hyderabad Geological Survey and later 
were taken up for detailed prospecting in summer, 1957, by the staff and 
Students of the Geology and Geophysics Departments of the Andhra 
University, The work was sponsored by the Government of Andhra 
Pradesh. 


The formations in this area consist of hornblende schists, phyllites, 
magnesian limestones and quartzites, striking N.E.-S.W. to N.N.E.-S.S.W., 
dipping towards west, with concordant intrusions of quartz veins. Some 
of the quartz veins carry the copper minerals—chalcopyrite, chalcocite and 
covellite along with other sulphide minerals like pyrite and arsenopyrite. 
Malachite, azurite and cuprite are conspicuous as thin films and coatings 
on the surfaces of quartzites and silicified limestones. The ore minerals 
have been studied both in the field and the laboratory and the results are 
briefly recorded. The textures are due to replacement and colloform 
zoning. The paragenetic sequence of the minerals is arsenopyrite, pyrite, 
chalcopyrite, covellite and chalcocite. Chalcopyrite, pyrite and arseno- 
pyrite are considered to be hypogene and covellite and chalcocite are 
of supergene origin. 


INTRODUCTION 


YENAMBAIL is a small village on the left bank of Kinnerasani River, a tributary 
of Godavari about 18 miles upstream from the confluence. It is about 8 
miles north of Paloncha in Khammam District of Andhra Pradesh. There 
is a cart-track between Paloncha and Yenambail which is jeepable in fair 
weather. The area is included in Topo Sheet No. 65 C./N.E. Geological 
mapping was carried out on 2” to a mile scale of the mineralised area using 
plane-table with alidade (Text-Fig. 1). 


Al 49 





K. KAMESWARA RAO AND C. MAHADEVAN 











93taso: 
0o%ey, 
‘ -, 


min 
é 


aut 














F mubamem.* @ 


























SCALE IN MILES 





QUARTI VEIN«+ eee ee ee LF] 
LIME STONE: +++-+eeee Ty 
QUART ZITE 
PHYLLITE 
OLOo WORKING S++ +++ 


CONTOUR +++++-++ee00e 
CART TRACK+++++-- 
STREAM 

WIE ARR pnsecescrese 
STRIKE AND DIPo ay 























Text-Fic. 1. Geological map of Yenambail area. After C. Mahadevan, 1941 43. 


GEOLOGY OF THE AREA 


The rock formations met with in the area are as follows:— 

Quartz veins 

Pakhals Phyllites and slaty phyllites with alternate bands of 
limestones and quartzites. 


Dharwars .. Hornblende schists. 


Hornblende schists are considered to be the oldest formations which 
are succeeded by phyllites and limestones. The phyllites form alternate 
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bands and also show lithological gradation. The general strike is N.N.E.- 
§.S.W. with westerly dips, but local variations in strike occur, due to local 
folds and flexures. Viewed regionally, these formations seem to be part 
of a major pitching anticline (Mahadevan, 1943). These copper deposits 
are situated on the southern limits of the eastern side of pitching anticline. 


The major structural features are reflected in the minor foldings which 
are clearly seen on the way to the old workings from Yenambail village. 


DESCRIPTION OF ROCK TYPES 


Hornblende Schists.—These are exposed in wells and the bed of Kinnerasani 
River, immediately south-east of Yenambail. The felspar is pinkish in colour, 
and in thin sections quartz, orthoclase, hornblende and biotite are common. 
The felspar is mostly altered to sericite. 


Phyllites—These are younger than the hornblende schists and strike 
N.E.-S.W. to N.N.E.-S.S.W. and dip 60° to 80° towards west. They are 
chloritic in nature and are frequently silicified. 


Limestones.—The magnesian limestones occur interbedded with the 
phyllites. They are hard, coarsely crystalline and white to grey in colour. 
Microsections show that the rock is recrystallised and reveal the presence of 
calcite which has the rhombohedral cleavage and twinkling. The quartz 
shows undulose extinction. In a few cases opaque specks of chalcopyrite 
are also seen. 


At the contact of limestone and quartz vein small lenses of tremolite are 
seen and some of the magnesian limestones have been metamorphosed to 
calcifers. In thin sections calcite, diopside and quartz are common. 


Quartzites—Bands of quartzites of varying thickness are common in 
phyllites. These quartzites are exposed as small hillocks throughout the 
area and quartz veins have intruded in them at many places. The strike and 
dip of the quarizites closely follow that of phyllites. They are highly jointed, 
medium grained and white in colour. The joint planes of the quartzite.in the 
old workings are stained with malachite and azurite. 


Vein quartz——Mention has already been made of the impregnation 
of phyllites by vein quartz. It traverses all the rock types and frequently 
carries the sulphide minerals like pyrite, arsenopyrite, etc. The quartz is 
smoky or mottled, grey to blue or white. The white variety appears td’ be 
the home of sulphide minerals as disseminations as the other quartz veins. 
are nearly always devoid of them. 








$2 K. KAMESWARA RAO AND C. MAHADEVAN 


CHEMICAL DATA 


The samples are analysed by iodometric methods and some of them 
show the following percentages of copper. 








TABLE I 
SI]. No. Sample Copper % 
1 Core sample (44’ 3” to 44’ 7”) ne 0-45 
2 From trench No. 3 be 0-40 
3 From trench No. 4 in 0-25 
+ From trench No. 5 7 0-23 
5 From trench No. 8 ie 0-32 
6 Metasomatised limestone a 0-15 
7 Quartzites stained with malachite “ 1-90 
8 Quartzites stained with malachite er 2-60 





From the study of the above results one may expect the existence of 
richer ore body at depths and one can also expect the metasomatic replace- 
ment of these copper minerals in limestones. 


Ore Microscopic STUDY 


Preparation of the polished section—The specimens for this study have 
been taken from the trenches in the old workings and continuation of the 
quartz vein. 


A chip was taken from the specimen and the wet method of polishing 
by successively finer abrasives as advocated by M. N. Short (1950) was adopted 
owing to the softness of chalcopyrite ores. For pyrite specimens, polishing 
with chromite and magnesia rouges was necessary. 


The ore minerals were studied under reflecting microscope regarding 
colour, reflectivity, reflection pleochroism, anisotropism, etc. Selective 
etclfing tests were also carried out to confirm the identification and to study 
the structure, cleavage and grain boundaries. Micro-chemical tests are 
used to confirm the minerals where possible. 
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Most of the specimens show the presence of primary and secondary 
sulphide minerals of copper. Chalcopyrite which appears to be pure, usually 
contains pyrite, arsenopyrite and other enriched copper minerals like chalcocite 
and covellite. Malachite, copper oxide and azurite are observed in hand 
specimens as coatings and stains along the cleavages and cracks of the rocks. 


A brief description of the minerals in some of the specimens is given 
in Table II to bring out the important structures and textures. 


SOME NOTES AND REMARKS ON THE TEXTURAL FEATURES 


Replacement textures——In some of the specimens chalcopyrite is seen 
in close association with pyrite making smooth and curved boundaries which 
is suggestive of contemporaneous crystallisation (G. M. Schwartz, 1927) 
but the tendency of the chalcopyrite to invade pyrite (Text-Fig. 2 A) perhaps 
indicates hypogene replacement. 


Supergene replacement.—Covellite and chalcocite usually fill the cracks 
and intergrain boundaries of chalcopyrite, but in advanced stages however 
the vein walls become highly irregular and crenulated evidencing replacement 
to a significant degree. 


The replacement is also frequently selective as only the chalcopyrite is 
replaced while the pyrite grains are not affected even when the latter is in 
contiguous with chalcopyrite. The evidence is the abrupt termination of 
the veinlets of chalcocite at the boundaries of pyrite. 


With regards to chalcocite and covellite relationship chalcocite replaces 
covellite along the grain boundaries and cracks. At many places the replace- 
ment is nearly complete and only relics of covellite are seen in chalcocite. 


Guided penetration structures—Both chalcocite and covellite replace 
chalcopyrite along the grain boundaries, cleavage planes and cracks. These 
serve as channel ways for these enriched solutions. 

Growth zoning and colloform structures.—These textures show as if the 
replacing solutions are fed from channel on to the chalcopyrite grains and 
ultimately the chalcopyrite grains are cemented by chalcocite. In colloform 
textures the concentric zones of chalcocite are seen around chalcopyrite 
grains which is suggestive of open space filling and deposition. 


DISCUSSION AND PARAGENESIS 


Origin of primary minerals.—Both field and microscopic studies indi- 
cate that pyrite, chalcopyrite and arsenopyrite are of hydrothermal origin. 
The field evidence is that the sulphide mineralisation is confined to the intrusive 
quartz vein only as disseminations, but not in any other rock type. Micro- 
scopic evidence lends further support, 
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Text-Fic. 2. Camera Lucida diagrams of polished ore minerals. 


(A) Chalcopyrite replacing pyrite, x72. 

(B) Veinlets of Covellite along chalcopyrite grain boundaries. 
(C) Euhedral grains of pyrite. 

(D) Euhedral grain of arsenopyrite. 

(E) Replacement residuals of covellite in chalcocite. 


There are three views about the origin of copper minerals. They are 
formed by: 

(1) descending surface waters, 

(2) ascending artesian meteoric waters, and 

(3) hydrothermal solutions of igneous derivation. 

A consideration of the three views will be made briefly and the one which 
is suitable to explain the origin of the ore minerals under consideration will 
be accepted, 
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According to the first view if the copper is derived by leaching the associ- 
ated rocks (limestones, quartzites and phyllites) we should consider the poro- 
sity of the quartz vein into which the meteoric waters have penetrated and 
caused the precipitation. Quartz vein with little or no porosity contains 
more copper minerals (primary) whereas the most favourable host rock 
limestone contains only traces of copper minerals (chemical data—Table I). 
So this process of formation cannot be considered. The presence of chalco- 
pyrite, pyrite and arsenopyrite do not admit this process (John Ridge, 1936; 
G. M. Schwartz, 1932). 


The other alternative may be that the quartz vein might have picked 
up the copper minerals from the adjacent rock types (limestones, etc.) and 
recrystallised chalcopyrite disseminations in the former. But actually in 
the field it is observed that the quartz vein has metasomatised the adjacent 
limestones and fine disseminations of chalcopyrite are seen, and magnesian 
limestones have been metamorphosed to calcifers and sometimes small 
lenses of tremolite are also seen. Moreover none of the adjacent formations 
show even minute traces or stains of copper minerals, so this alternative 
also do not justify. 


The second view, namely, the deposition of the copper minerals by ascend- 
ing artesian meteoric water can also be safely rejected because there are no 
indications of existence of artesian flows. 


The third view of hydrothermal origin (Hypogene) of the ore minerals 


is supported by the views of Schwartz (1932), Ridge (1936) and Willards 
(1941). 


Schwartz (1932) says that the presence of euhedral grains of pyrite and 
also minerals like magnetite, pyrrhotite, arsenopyrite and irregular intricate 
replacement is characteristic of hypogene origin (Willards, 1941). In 
Yenambail ores, chalcopyrite exhibits this type of replacement in pyrite. 


According to Ridge (1936), the presence of chalcopyrite is a definite 
proof of hydrothermal origin. According to him ‘‘a double salt-like chalco- 
pyrite, when dissolved in ground water, usually precipitates not as a double 
salt but as a single one, and solubilities of the several sulphides differ so 
greatly that complete separation by fractional precipitation is possible”. 
Here we are having the sulphides of copper and iron in the combined form 
of chalcopyrite. So this suggests that chalcopyrite was not deposited from 
a meteoric solution, but more probably from hydrothermal juices. 


Secondary enrichment.—As previously mentioned, the primary copper 
mineral is chalcopyrite. Subsequent replacement by meteoric waters has 
led to the enrichment of supergene chalcocite and covellite, 
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The field evidences are the presence of malachite, copper oxide and azurite 
as coatings and stains along the cleavages and cracks. It is noticeable under 
the microscope that none of the grains of chalcocite and covellite have inde- 
pendent existence in quartz, pointing to their secondary origin. This is 
evidenced by the textural relations of chalcopyrite, chalcocite and covellite. 


Of the various forms of replacement, that exhibiting rim-structure is 
the most common. The most common combinations are chalcocite rimming 
chalcopyrite and occasionally covellite also, secondly covellite replacing 
chalcopyrite along grain boundaries and cracks. 


G. M. Schwartz (1932) considers the following points as criteria of super- 
gene origin :— 

(i) Replacement related to fractures, crevices, cleavage, contacts of 
minerals, etc. , 


(ii) Narrow rim of replacing mineral around ore mineral or gangue. 
(iii) Seriatum replacement. 

(iv) Sooty chalcocite. 

(v) Presence of known supergene minerals. 

(vi) Selective replacement. 


Rim-structure is a definite indication of replacement and is generally 
admitted as supergene replacement (Bastin, 1950). There is little doubt 
that this is the case in Yenambail ores. Moreover the microscopic studies 
disclose the volume change during the replacement. There is loss of volume 
as evidenced by numerous vugs and pores (Bastin, Graton et al., 1926). 


_Chalcocite shows anisotropism and has a sooty appearance, and bluish- 
white colour. Short (1932) states that the absence of relics of replaced 
minerals as cores in chalcocite may be taken as an evidence for its hypogene 
origin. But the chalcocite of these ores is always seen rimming chalcopyrite 
or replacing chalcopyrite along planes of weakness. 


Selective replacement is the other evidence for this kind of phenomenon. 
Both chalcocite and covellite are seen replacing chalcopyrite in preference 
to pyrite. 

According to Goldschmidt, covellite, a most stable compound and easily 
made in the laboratory, is very rarely met with as hydrothermal mineral 
because there is practically always iron sulphide present to form complex 
sulphides of iron and copper. 


The colloform and zoning structure of chalcocite can also explain that 
it is deposited in colloidal or meta-colloidal state in open spaces, 
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The general paragenetic sequence of the minerals as determined by micro- 
scopic study is as follows:— 


Arsenopyrite 
Primary sulphide minerals Pyrite 
Chalcopyrite 


Secondary sulphide minerals — 
Chalcocite. 


The mutual relationships of these minerals and the evidence in support 
of this succession are discussed below. 


Arsenopyrite.—Perhaps this may be the first primary sulphide mineral 
to crystallise. It develops into characteristic rhomb-shaped grains, and 
occurs in close association with pyrite occasionally. As there is no physical 
continuity between pyrite and arsenopyrite it is not possible to decide which 
has crystallised first. 


Pyrite—This mineral is seen as isolated euhedral grains in quartz and 
most commonly in close association with chalcopyrite. It shows physical 
continuity with smooth curving boundaries and sometimes tongues of chalco- 
pyrite projecting into pyrite, which is suggestive of replacement. Here pyrite 
acts as the host mineral. 


Chalcopyrite-—This mineral is seen as disseminations in the quartz with 
usual associates of pyrite, covellite and chalcocite. It is replaced by covellite 
and chalcocite and replaces pyrite occasionally (Text-Fig. 2A). This is 
suggestive that chalcopyrite is later than pyrite. 


Covellite—Covellite is generally seen as veins replacing chalcopyrite 
along grain boundaries, cracks and cleavage planes. This suggests that 
covellite is of later origin. Though covellite rarely exhibits marked lamellar 
structure (Plate I, Photo 2), the development of these structures is believed 
by the authors as the outcome of replacement along cracks by supergene 
covellite. 


Chalcocite-—Chalcocite is always seen rimming chalcopyrite and covellite. 
Covellite which replaces chalcopyrite is itself replaced by chalcocite (Plate I, 
Photo 2). Sometimes tongues of chalcocite are extended into covellite as 
though it is being “bitten into” and relics of covellite in chalcocite which 
is suggestive of later origin. 


SUMMARY AND CONCLUSIONS 


The area under investigation consists of hornblende schists, phyllites, 
magnesian limestones and quartzites, with concordant intrusions of quartz 
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Proto 1. Growth zoning. Chalcocite (cc), Chalcopyrite (Cpy). 
PHoto 2. Replacing textures. Chalcocite (cc) replacing Chalcopyrite (Cpy) and Covellite 
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veins all over the area. Though the quartz veins traverse all the rock types 
of the area, only some veins are noted to be mineralised. The veins have 
metasomatised the adjacent limestones to some extent and the chalcopyrite 
mineralisation is also seen to extend into the limestones. 


Microscopic studies reveal that arsenopyrite and pyrite have crystallised 
prior to chalcopyrite and chalcopyrite replaces pyrite to some extent. Later, 
chalcopyrite is surmised to have been replaced by the secondary chalcocite 
and covellite. 


Chalcocite and covellite have been recognised as fillings in cracks and 
grain boundaries and sometimes replacing chalcopyrite to a considerable 
extent. 

The replacement was found to be selective in favour of chalcopyrite as 
against pyrite. 

The bore hole study may prove the existence of richer ore body underneath. 
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FLUORESCENCE SPECTRA OF SOLUTIONS OF 
URANYL NITRATE AT LIQUID AIR 
TEMPERATURE 


Part I. Rapidly Cooled Solutions 


By D. D. Pant AND D. P. KHANDELWAL 
(D. S. B. Government College, Nainital) 


Received October 22, 1959 
(Communicated by Prof. R. K. Asundi, F.a.sc.) 


INTRODUCTION 


THE solutions of uranyl salts on freezing to liquid air temperature give a 
great variety of spectra (Nichols and Howes, 1919; Gordon, 1951) depending 
not only upon concentration, acid content and nature of the solvent, but also 
upon the rate of cooling. Thus, aqueous solutions of uranyl nitrate give, 
on slow cooling, a well-resolved spectrum, closely resembling that of the 
solid, while on rapid cooling two main series of broad bands appear. One 
of these (here called a) approximately coincides with the solid state bands 
and is also present in alcoholic and acidic solutions. The second is dis- 
placed towards red by ~100 A and has no counterpart in the solid state 
spectra. In alcoholic solutions also there occurs a second series, but it lies 
to the violet of a by ~40A. Similarly in acidic aqueous solutions a new 
series of bands displaced to the violet of a is observed. It has not been 
possible so far to give specific emitter assignments to the bands observed. 
On the one hand it is suggested in a general way that these bands originate 
in a great variety of complexes formed in the solutions (Pringsheim, 1949), 
while on the other hand a specific suggestion of Gordon that even the main 
series of bands (a) is not due to the uranyl ion but due to UO,OH* is regarded 
as untenable. 


Recently we have reported detailed investigations on the room tempera- 
ture spectra of uranyl solutions under controlled conditions of pH, con- 
centration, etc. (Pant and Khandelwal, 1956-59). These, in conjunction 
with corresponding absorption spectra and recent studies relating to hydro- 
lytic and other complex-forming processes in uranyl solutions, enabled us 
to assign the various bands which appear in the fluorescence spectra of liquid 
solutions to specific species. For understanding the low temperature spectra 
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studies on rapidly frozen solutions appear to be the first step. For, in rapid 
freezing the room temperature structure of the solution is expected to ‘freeze 
in’, while in slow cooling complications arise due to possibilities such as 
crystallising out of the salt. Investigations on the rapidly cooled solutions 
of uranyl nitrate are, therefore, being reported here. 


EXPERIMENTAL ARRANGEMENTS 


The prepared solutions, kept in thin-walled test-tubes at room tempera- 
ture (~10° C.), were rapidly quenched in liquid air and their spectra scanned 
with a monochromator and photomultiplier arrangement. Other details 
were as described in an earlier paper (Pant and Khandelwal, 1959). Diffi- 
culties arising from bubbling of the coolant were largely absent due to frontal 
illumination and by keeping the sample tube touching the wall of the Dewar 
flask. A few pieces of glass kept at the bottom of the flask further helped 
in keeping the bubbles away from the light path. 


Absorption spectra, where possible, were taken with the same arrange- 
ment by raising the sample slightly above the level of liquid air. To ensure 
constant temperature some liquid air was also poured in the test-tube. For 
studying variation of the fluorescence spectra with temperature, the spectra 
were scanned repeatedly as the frozenmass slowly warmed up in the Dewar 
flask. Temperatures were measured with a copper-constantan thermocouple. 
These may, however, be in error by + 1C°C. 


RESULTS 
(A) The a and y-bands 


Typical stages in the spectra of pure aqueous solutions as concentra- 
tion varies from 2M* to -0005M are shown in Fig. 1. The bands 
which broadly coincide with those of the solid hexahydrate are marked a 
and the other set of bands is marked y. The positions of these (and other 
bands) are given in Table I. In Table II are given the integrated intensities 
of the various bands in a and y series and of B series (main series of bands) 
of solid relative to the corresponding (0, 1) bands. At the bottom of the 
table are given (i) ratio of y to a intensity, (ii) the approximate overall 
intensity, and (iii) overall intensity + concentration. The influence of add- 
ing acid or alkali to a 0-1 M solution is shown in Fig. 2. These investi- 
gations, in conjunction with the corresponding room temperature (r.t.) spectra, 
bring out the following features:— 


—— 





* This is about the highest concentration for ~ 10°C. Stronger solutions can be had at 
higher temperatures, but they involve other complications, which need separate investigations 
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Fic. 1. Effect of dilution : (a) 2 M, (5) 1 M, (c) 0-2 M, (d) 0-02 M, and (e) 0-002 M. TLe spectrum 
of the solid hexahydrate is also given for ccmparison. 


(a) The a bands here correspond with the a bands of room temperature 
spectra in the following respects: (i) they almost coincide with the main 
series of bands (B) of the solid, (ii) they shift to the violet (by ~ 80 cm.—) 
on lowering temperature in a manner similar to the bands of the solid, 
(iii) they appear more prominently in slightly acidulated solutions 
(Fig. 2), and (iv) their intensity distribution is similar to that of a-bands of 
r.t. and as in the latter, the distribution curve is broader as compared to that 
for B bands of the solid, the effect increasing further with dilution. 


(b) The y-bands are distinguished by their more diffuse character and 
an intensity distribution conspicuously shifted towards the (0, 0) band, so 
that y gets weaker relative to a in higher groups. Further, the bands are 
suppressed by addition of acid (Fig. 2) and are enhanced relative to a by 
dilution (as seen by y/a ratio, Table I) or with the addition of alkali (Fig. 2). 
The y-y interval is less than the a-a interval by ~ 20 cm. In all these respects 
the y-bands here agree closely with the y-bands of r.t. spectra. They are not 
shifted appreciably by lowering of temperature. 
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(c) The overall intensity increases with initial dilution. With further 
dilution the overall intensity decreases, but taking the dilution factor into 
account the fluorescence intensity increases continuously. 


TABLE I 


Positions of various bands in rapidly cooled solutions at l.a. temperature 


(Values in parenthesis are for synonymous bands at rcom temperature. All values are in cm. 





Bands Solid Aqueous solutions Alcoholic solutiont 





Group B a’ a B y a’ a 





1. 20578 20763 20528 20340 20135 20698 20486 
(20474) (20549) (20453)  (19954)* (20115) 


2. 19721 15883 19660 19472 19288 19828 19610 
(19602) (19738) (19572) (19079)* (19281) 


3. 18858 19006 18785 18596 18452 18952 18757 
(18721) (18863) (18686)  (18310)* (18445) 


4. 17997 18150 17942 om 18104 17900 
(17884) i (17820) a Me 





* These values are for the g-bands of r.t. spectra; f for ethyl alcohol. 


However, on close comparison with the room temperature spectra certain 
anomalies appear. The most concentrated solutions of r.t. show a and 
B-bands, while at liquid air (/.a.) temperature they show a- and y-bands. The 
very dilute solutions (-004-M and below) at r.t. show only y-bands, while 
at .a. temperature they show a-bands also with y; in fact the y/a ratio does 
not appreciably improve with dilution below 0-2M up to 0-0C05M. If 
two samples are prepared from, say, a 0-1 M solution by specific addition 
of acid or alkali, one giving a alone and the other giving y alone at r.t., then 
at /.a. temperature both the solutions give a- as well as y-bands, though in 
the second one y appear more strongly. By careful titration with acid it is 
possible to get only a in the spectrum at /.a. temperature (Fig. 2), but by 
titration with alkali the a-bands are not completely suppressed before the 
spectrum entirely changes (5-bands). 


(B) The 8-bands 
The influence of successive addition of alkali to a 0°25M solution is 


shown in Fig. 3. At first the y bands gain in strength relative to a, 
then only a single set of broad bands enveloping the original « and y-bands 
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of each group is seen, and finally the spectrum gives place to an entirely new 
one displaced considerably towards the red. The bands of this spectrum are 
marked 6 and they shift more towards red with further addition of alkali 
(later stages not shown in the Figure.). 


TABLE II 


Relative intensities of the bands in the different series at — 185° C. 




































Solid Solution 
Desig- _Inten- Designation Intensity 
nation sity 


2M 1M ‘2M -02M -002M 











B, 0-20 a 0:33 0°33 0°36 0:39 = 0-45 
B, 1-00 a, 1-00 1-00 1-00 1-00 1-00 
B, 0-65 Gy 0-75 0-72 0:76 0-80 0-81 
B, 0-20 G, 0-28 0:29 0:30 0:33 0:33 
% 0-78 0-72 0-72 0-70 0-68 

” 1:00 1:00 1:00 1:00 1:00 

vs 0-51 0:49 0:55 0:49 0-48 

"s 0-17 0-13 0-15 0-18 0-18 

Ratio y,/a, ce eh 26. 


Overall Intensity 1-00 2-00 2°8 0:5 0-08 
Int./Conc. 1 4 22 50 80 





(C) The a'-Bands 


The influence of successive addition of HNO, to a 0-1 M solution and 
of increasing the U-concentration in a solution of given acid content (30%) 
is shown in Fig.4. With increasing acid content, at first the a-bands are 
suppressed and then a new series of bands appears. These are designated 
as a’-bands and correspond with the a’-bands of r.t. spectra in respect of their 
location, conditions of appearance and intensity distribution. They are 
displaced to the violet of a by ~ 200 cm. (Table I). They gain in intensity 
relative to a-bands with increasing acid content as also with increasing 








new 
are 
ikali 


1 


5 o S igh Thay 


ind 
%) 
are 
ted 
eir 
are 
sity 
ing 








Fluorescence Spectra of Solutions of Uranyl Nitrate—I 


65 





%I 
40 o, 
¥ j 
Ly 
%S 
| \ 
6 


(1) 


> 





Fiuorescence Inrenssry 











5000 0 5100 5600 


Fic. 2. Effect of adding acid or alkali: (1) 0-1.M pure aqueous solution, (2), (3), (4) 


successive titration with nitric acid, (2’) addition of NaOH. 
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Fic. 3. The 8 bands: (a) 0-1M pure aqueous solution, (6), (c), (d) successive addition 


of NaOH. 
z A2 
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U-concentration. They have an intensity distribution shifted farther from 
the (0, 0) band than in the a series, so that as we pass to higher groups the 
a’-band successively gains over the corresponding a-band (Fig. 4). 
However, the a’-bands appear at an earlier stage of acidity at /.a. tempera- 
ture chan at r.t. 








Fivorescence Ivrensity 








Fic. 4. The a’-bands: (a) U-concentration 0-1 M, HNO; 6%; (5) 0-1M, 10%; (c) 0-1 M, 
20%; (d) 0-1M, 30%; (e) 0-3 M, 30%; (f) 1-0M, 36%. 

The acidic solutions could often keep a transparent form in the frozen 
state and absorption curves for two samples at /.a. temperature are given 
in Fig. 5, together with their fluorescen-e spectra (first two groups only). 
We note, firstly, that the intensity distribution in a’ series, as compared to 
that in a series, is shifted towards the higher groups in absorption also. 
Secondly, out of a and a’-bands the latter are more prominent in absorption 
than in fluorescence of the same solution (a phenomenon similar to that found 
in some solid uranyl salts; Pant, 1945; Pant and Pande, 1958). 


(D) Alcoholic solutions: « and a’-bands 


Fluorescence curves at — 185°C. for solutions in a series of alcohols 
with constant U-concentration, (0-4 M) are given in Fig. 6. The positions 
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Fic. 6. Alcoholic solutions: U-concentration 0-4M in each case, solvent (a) Methyl, 
() Ethyl, (c) Butyl, (d) Hexyl alcohol. 
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of bands are included in Table I. Alcoholic solutions freeze generally 
in a transparent form, and absorption curves for three samples together with 
corresponding fluorescence curves (for two groups only) are given in 
Fig. 7. It will be seen that out of the two sets of bands appearing in fluores- 
cence one corresponds with the B bands of solid and can be termed a, while 
the other has correspondence with the a’-bands of acidic aqueous solutions 
in manifold ways: (i) both lie to the violet of a at nearly the same frequency 
interval and are as discrete as a bands, (ii) both have a marked shift of 
intensity distribution towards higher groups in fluorescence as well as 
absorption, (iii) both appear more strongly in absorption than in fluorescence 
of a given solution, and (iv) both increase in intensity relative to a on 
increasing U-concentration (not shown in the figure). Analyses show that 
for a given U-concentration the a’/a intensity ratio increases as we pass to 
higher alcohols. Thus for a 0-4 M solution this ratio for the second group 
increases from 0-5-7 in passing from methyl to hexyl alcohol. This fact 
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Fic. 7. Absorption vs. Fluorescence (alcoholic solution); U-concnetration 0-4 M, solvent 
(a) Methyl, (6) Ethyl, (c) Hexyl alcohol. 
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appears to be connected with the decreasing dielectric constant (at room 
temperature) of successive alcohols. 














"7800 5000 aaa 5400 


Fic. 8. The ’-bands: (a) U-concentration 1 M, HNO, 80%, (6) -25]M, 80%, 
(c) -05 M, 80%, (d) 1 M, 40%. 


(E) The B’-band 


In concentrated aqueous solutions at high acidity another set of 
bands marked f’ (Fig. 8) appears. These appear only very weakly 
and disappear rapidly on dilution. In so far as they are enhanced by 
increasing U-concentration or acidity and in their diffuse character these 
bands resemble the f-bands of r.t. spectra. But their positions at liquid air 
temperature are shifted very much (~ 380 cm-—', Table I) relative to those 
of B-bands at r.t. (In case of y-bands there is hardly any shift.) Also the 
NO,- concentration at which f’-bands develop is extremely high, being even 
greater than that necessary for the exclusive appearance of a’-bands. For 
these reasons these bands can hardly be identified with the 8 bands of r.t. 
spectra and their origin needs further investigation. 


(F) Separation of (0, 0) bands in fluorescence and absorption 


The positions of the (0, 0) bands in absorption and fluorescence for the 
a’ and a series in acidic aqueous and alcoholic solutions are given in Table ITI. 
It appears that the separation decreases as one passes to higher alcohols. 
Also, the separation is less for the a series than for a’ in each case. 
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Fic. 9. Temperature variation of y-bands: 0-01 .M_ pure aqueous solution slowly 
warmed up. (a) — 185°C., (6) —120°C., (c) —100°C., @ -80°C, (e) —70°C.,, 
(f) —60°C., (g) + 15°C. 


(G) Behaviour of y and a'-bands on raising the temperature 


The y and a’-bands behave in a remarkable manner if the rapidly cooled 
solutions are warmed up slowly from — 185°C. upwards. In the solutions 
showing a and y-bands, the latter at first slightly increase in intensity relative 
to a and possibly undergo a shift towards longer wavelength around — 90°C., 
after which they rapidly diminish in intensity. At ~ — 60°C. the y-bands 
completely disappear. However, they appear again if the solution is brought 
to room temperature (Fig. 9). When a solution showing a aad a’-bands 
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TABLE III 


Separation of 0,0 bands of a and «' series 
in fluorescence and absorption (— 185° C.) 





Designation Frequency, v cm! Separation, Av, cm. 
Solvent of 
bands [Inabsorption In fluorescence a’ bands abands 





























Water a’ 20836 20763 73 os 
(acidic) a 20579 20528 << 51 
Methyl a’ 20816 20698 118 Ps 
alcohol a 20579 20486 = 93 
Ethyl a’ 20784 20698 86 a 
alcohol a 20592 20507 i 85 
Hexyl a’ 20763 20698 65 ie 
alcohol a 20528 20494 me 34 
Solid B, b 20591 20578 - 13 
12 5 
10} 
8 _~ 
6F > 
Fy 
we 
§ 
4b 
2- 
AA 
10 4900 


Fic. 10. Temperature variation of a’-bands: 0-5 M _ solution in 40% acid slowly warmed 
up (1) —185° C., (2) —120°C., (3) —100°C., (4) —80°C., (5) 70°C., (6) —60°C.. 
for clarity curves 2, 3,4, 5, 6 are shifted up by 1, 2, 3, 5, 6 divisions respectively. 
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is allowed to warm up, the a’-bands disappear rather sharply around — 60° C. 
leaving again only the a-bands (Fig. 10). 


DISCUSSION 


The identity of a and y-bands with the corresponding bands of room 
temperature spectra has been established above. It follows that, as shown 
in the case of the r.t. spectra (Pant and Khandelwal, 1959), the a-bands 
are to be attributed to the UO,** ion co-ordinated with 6 molecules 
of H,O and the y-bands to the hydrolysed species UO,UO,**. The larger 
spread of intensity distribution in a-bands as compared to that in B-bands 
of the solid indicates a widening of the potential energy (P.E.) curves for 
the uranyl ion in solution. On dilution the P.E. curves are further affected 
in the same direction (cf. r.t. spectra). In addition to the inequality of a-a 
interval with y-y interval, the fact that in passing from r.t. to /.a. temperature, 
the y-bands do not shift appreciably while the a-bands shift by ~ 80cm 
supports the view that the y-bands are not due to molecular vibrational fre- 
quency quanta of the species giving rise to a-bands, but pertain to a separate 
species. However, the anomaly regarding the intensities of a and y in corres- 
ponding solutions at r.t. and /.a. temperature needs further investigation. 


The single broad bands obtained during later stages of addition of 
alkali obviously arise from the overlapping of the strong and broad y-bands 
with the weaker a-bands. The occurrence of 5-bands corresponds to a 
stage where at r.t. also the spectrum shifts markedly towards the red and 
tends to become continuous. These may pertain to higher hydrolysed species 
of the type (UO,), UO,**, (n = 2, 3, ...... ). 


The a’-bands resemble the synonymous bands observed at r.t. in several 
respects and hence may be attributed to the species UO,(NOs),. (possible 
hydrated). It is interesting to point out that the a’-bands at /.a. temperature 
are located approximately in the same positions as the main bands of the 
solid trihydrate UO, (NO;).-3 HO, prepared by crystallization from acidic 
aqueous solutions. Further, uranyl nitrate is known to form in organic 
solutions many complexes of the type UO, (NO,).-x H,O-y R, where R is 
the organic molecule (Mathieson, 1949). It is possible, therefore, that in 
organic solutions the emitter of a’-bands exists as UO,(NO,), - x H,0. 
The close resemblance of these bands with a’-bands of acidic aqueous solu- 
tions is then understandable. Pringsheim’s bracketing of this second series 
in alcoholic solutions (a’ here) with the second series of pure aqueous solu- 
tions (y here) is obviously untenable. The differences in a/a’ intensity ratio 
in different solvents is easily understood, for, the a-bands which pertain to 
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dissociated UO,**+ ion would be more prominent in solutions of higher dielec- 
tric constant. 


Although a systematic comparison of room temperature spectra with 
the spectra of corresponding solutions at liquid air temperature leaves little 
doubt about the assignment of the a, a’ and y-bands, yet the disappearance 
of a’ and y-bands at an intermediate temperature is not clearly understood. 
Whether this occurrence is connected with the transformation in the crystal 
form of ice, which is reported to occur at about the same temperature 
(Owston, 1959; Lonsdale, 1958), is not presently clear. 


Mention may be made of the considerable recent work in connection 
with the solvation of uranyl nitrate in aqueous and organic phases leading 
to a covalent binding of the uranyl ion with water of hydration and the 
complexing ion (Glukoff and Mackey, 1950; Coulson, 1956; Connick and 
Hugus, 1950). This is attributed to the participation of the fshell orbitals 
of the uranium atom. One of the evidences adduced in favour of this co- 
valent binding is the conspicuous change in the absorption spectrum (at 
room temperature) of UO,NO,* as observed by Betts and Michells (1949). 
We here note that the species UO, (NOs), also shows a distinct spectrum both 
in fluorescence and absorption at r.t. as well as liquid air temperature. 
The evidence for covalent binding in this complex is thus corroborated 
by the observed spectra. 


SUMMARY 


Photometric studies on the fluorescence spectra of rapidly cooled 
aqueous and alcoholic solutions of uranyl nitrate are reported. Five distinct 
series of bands, designated as a, fp’, y, 5 and a’ appear, depending upon con- 
centration, pH, solvent, etc. From their conditions of enhancement and 
suppression and close analogy with corresponding room temperature spectra 
reported earlier, the a and y-bands are shown to be due to the species UO,*+ 
(hydrated) and UO,UO,*+. Higher hydrolysed species give 5-bands. The 
a’-bands, which appear in alcoholic solutions also, are attributed to 
UO, (NO;),- x H,O. The assignment of §’-bands is not certain. The 
intensity distribution in various series is studied and it is found that relative 
to a series the distribution is largely shifted away from the (0, 0) bandin 
a’ series and towards the (0, 0) band in y series. The a’ and y bands disappear 
around — 60° C. which corresponds with the transformation temperature 
of ice structure. Various characteristics in the spectra are discussed 
on the basis of environmental differences in the species. 
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HETEROCYCLIC COMPOUNDS 
Part XVI.* Synthetic Experiments in Furoquinolines 


By P. SHANMUGAM 
(Department of Organic Chemistry, University of Madras, Madras-25) 


Received October 21, 1959 
(Communicated by Dr. K. N. Menon, F.A.sc.) 


FurRO-(2’ : 3’-2: 3)-QUINOLINE ALKALOIDS occur in Rutacee. Appropriately 
substituted 2-quinoline-3-acetic acids have been employed as intermediates 
for the synthesis of furoquinolines.?» 2» ? Raman® synthesised 4’, 5’-dihydro- 
4-methyl-furo-(2’ : 3’-2: 3)-quinolinet (IV, R=R,=R,=H) by pro- 
ceeding through 4-methyl-2-quinoline-3-acetic acid (I, R = R, = R, = H). 


CH, CHg 
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* Part XV, Proceedings. 
t Yo Mori etal. ( Chem. and Industry, 1959, 1160) have employed practically an identical 
technique as Raman. 
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He* obtained 4-methyl-2-quinoline-3-acetic acid (I, R = R, = R, = H) 
by reacting the sodio derivative of acetoacetanilide with ethyl bromacetate 
and cyclizing the resulting compounds with concentrated sulphuric acid. 
The same acid has now been obtained from O-aminoacetophenone according 
to the scheme. 





- 
ee [ Cis ae a gs Cie CHle 2% aq. KoH 
>o ten 
du, co S boou 
Va. NHg 
‘ 
Kono 
ear 
H 
(R=Ry= R,=H) 


O-Aminoacetophenone was succinoylated by refluxing with succinic 
anhydride in benzene. The succinoyl derivative (VIII), on refluxing with 
2% aqueous potassium hydroxide, furnished 4-methyl-2-quinolone-3-acetic 
acid (I, R= R,=R,=H). It was identical with the acid prepared by 
Raman.‘ The synthesis of 4’: 5’-dihydro-furo-(2’: 3’-2: 3)-quinoline was 
completed by following the steps employed by Raman.* The ready avail- 
ability of a large number of O-aminoketones’ and O-aminoaldehydes 
provides the possibility of synthesising various 4’ : 5’-dihydro-furo (2’: 3’— 
2 : 3)-quinolines in fairly easy and well-defined steps. 

The following 4’: 5’-dihydro-furo-(2': 3’-2: 3)-quinolines were prepared 
starting from the corresponding —O— amino-carbonyl compounds. 

(a) 4’: 5’-Dihydro-4-methyl-furo-(2’: 3’-2: 3)-quinoline (IV, R= R, 
= R, = H). 

(b) 4’: 5'-Dihydro-8-methoxy-4-methyl-furo-(2’: 3’-2 : 3)-quinoline (IV, 
R= R, = H; R, = OCH;). 

(c) 4 : 5'-Dihydroxy-6 : 7-dimethoxy-4-methyl-furo-(2' : 3’-2: 3)-quino- 
line (IV, R= R,=OCHs; R, = H). 

(d) 4 : 5’-Dihydro-7 : 8-dimethoxy-4-methy]-furo-(2’ : 3'-2: 3)-quinoline 
(IV, R=H; R, = R, = OCH)). 
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(e) 4: 5’-Dihydro-7-methoxy-4-methyl-furo-(2’: 3’-2: 3)-quinoline (IV, 
R= R, = H; R, = OCH)). 

(f) 4: S’-Dihydro-7: 8-dimethoxy-furo-(2 :’3’-2: 3)-quinoline (VII, R = 
H; R, = R, = OCH)). 

(g) 4’: 5’-Dihydro-6: 7-dimethoxy-furo-(2’ : 3’-2: 3)-quinoline (VII, R = 
R, = OCH;; R, = H). 

The infra-red spectra of the dihydrofuroquinolines show fairly intense 
absorption in the 1630-1639 cm. region. Grundon and McCorkindale % 
also report similar absorption for their dihydrofuroquinolines. 





I R data (absorption in chloroform) 





Substance 
(a) (IV, R=R, =R, =H) .. 1630 
(6) (V, R=R,=H; R,=OCH,) .. 1630 
(c) TV, R=R,=OCH,; R,=H) .. 1634 
(d) IV, R=H; R,=R,=OCH,) .. 1639 
(ec) dV, R=R,=H; R,=OCH,) .. 1634 
(f) (VI, R=H; R, =R,=OCH,) .. 1639 
(g) (VIT, R= R,=OCH,;; R,=H) .. 1639 
EXPERIMENTAL 


(a) 4’: 5'-Dihydro-4-methyl-furo-(2' : 3'-2 : 3)-quinoline (IV, R = R, = 
R; = H) 


4-Methyl-2-quinolone-3-acetic acid (I, R= R, = R, = H).—O-Amino 
acetophenone (2:5 g.) and succinicanhydride (1-9 g.) were heated together 
in boiling benzene (50 ml.) for 30 minutes. The succinoyl derivative sepa- 
rated from the cooled solution (crude m.p. 110-12°C.); collected and 
washed with little benzene. It was then refluxed with 2% aqueous potassium 
hydroxide (200 ml.) for an hour, cooled and acidified with hydrochloric acid, 
when the quinoline acid separated. It was collected, washed with water, 
and then with little alcohol. Yield 2-4 g. (59-7%), m.p. 282-83° C. (decomp.); 
crystallized from alcohol containing acetic acid, m.p. 284-85° C. (decomp.). 
Found: C, 65-72; H, 5:04. (C,,H,,O;N requires C, 66°36; H, 5-07 
identical with the acid prepared by Raman‘ from acetoacetanilide and ethyl- 
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bromoacetate, m.p. and mixed m.p. 284-85° C. (decomp.) (II, R = R, = 
R, = H) crystallized from ethanol, identical with the sample prepared by 
Raman, m.p. and mixed m.p. 223-25° C. 


3-(2'-Hydroxy ethyl)-4-methyl-2-quinolone (III, R= R, = R,= H).— 
To a suspension of 0-5 g. of lithium-aluminium hydride in absolute tetra- 
hydrofuran (50 ml.) 1 g. of the above ester (vacuum-dried) was added. It 
was stirred well at room temperature for four hours. The reaction flask was 
surrounded with hot water and the stirring continued for another 4 hour, 
cooled and the excess lithium-aluminium hydride was destroyed by the addi- 
tion of a little ethylacetate. The solvent was removed completely under 
vacuum. A little ether was added and the residue was decomposed with 
ice-cold 2 N sulphuric acid. The product was collected and crystallized from 
dilute alcohol, colourless needles, m.p. 215-16°C. Yield 0-6¢., identical 
with the sample prepared by Raman,* mixed m.p. 215-16° C. 

4’ : 5'-Dihydro-4-methyl-furo-(2' : 3'-2: 3)-quinoline (IV, R= R, = R, = 
H).—The above alcohol (0-5 g. and polyphosphoric acid (from 3c.c. of 
O-phosphoric acid and 5 gm. of P,O;) were heated together on the steam-bath 
for 3 hours. The reaction mixture was poured into ice-water and the result- 
ing solution was basified with ammonia. The product that separated was 
collected and crystallized from dilute alcohol in plates, m.p. 123-24° C. identi- 
cal with sample prepared by Raman, mixed m.p. 123-24°C. Found: C, 
77°5; H, 5°7. CyeH,,ON requires C, 77-8; H, 5-95. 


(b) Synthesis of 4 : 5S'-dihydro-8-methoxy-furo-(2' : 3'-2:3)-quinoline (IV, 

R=R,=H; R,= OCH) 

3-Methoxy-2-amino-acetophenone®* was prepared from 3-mexthoxy-2- 
nitro acetophenone by reduction with iron and acetic acid. 3-Methoxy-2- 
nitroacetophenone was obtained from 3-methoxy acetophenone by adding 
the ketone to nitric acid (sp. gr. 1-4) at — 5° C. and leaving it in the ice-chest 
for 20 hours and then pouring on to crushed ice yield 3 g. from 5 g., m.p. 
128-5-129-5°C. (dilute acetic acid). 

8-Methoxy-4-methyl-2-quinolone-3-acetic acid (I, R=R; R= 
OCH;).—This acid was prepared by refluxing in benzene, 2-amino-3-methoxy 
acetophenone (2 g.) with succinic anhydride (1-4 g.) for 30 minutes, refluxing 
the resulting product with 2% aqueous potassium hydroxide (150 ml.) for 
one hour and acidifying the reaction mixture. Crystallized from alcohol 
containing acetic acid, m.p. 271-72° C. (decomp.). Yield 50%. Found: C, 
62:78; H, 4°89. C,3sHisNO, requires C, 63-15; H, 5-30, identical with 
the acid prepared from O-methoxy aceto-acetanilide and ethylbromoacetate 
by Raman (yield 5%) of this laboratory, mixed m.p. 271-72° C. (decomp.). 
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Ethyl-8-methoxy-4-methyl-2-quinoline-3-acetate (II, R= R, =H; R,= 
OCH;).—The ester was prepared by refluxing the acid (1 g.) with absolute 
alcohol (13 ml.) containing concentrate sulphuric acid (0-5 ml.) for 5 hours. 
The product was collected after dilution with ice-water, crystallized from 
dilute alcohol in needles, m.p. 181-82° (yield 0-6 g.), identical with the ester 
prepared by Raman, mixed m.p. 181-82° C. Found: C, 65-41; H, 6-34. 
CysHwNO, requires C, 65:46; H, 6°23. 


3-(2'-Hydroxyethyl)-8-methoxy-4-methyl-2-quinonolone (III, R=R,= 
H; R,= OCH;).—The ester (1 g.) was reduced with lithium-aluminium 
hydride (0-5 g.) in tetrahydrofuran and the product isolated as in the previous 
case. Crystallized from benzene in colourless needles, m.p. 180-81°C. 
(yield 0-45 g.). Found: C, 66:7; H, 6:4. C,3H,s0;N requires C, 66-89; 
H, 6°48, identical with the sample prepared by Raman. 


4’ : 5'-Dihydro-8-methoxy-furano-(2’ : 3'-2: 3)-quinoline (IV, R= R, = 
H; R, = OCH;).—200 mg. of the alcohol was heated with polyphosphoric 
acid (from 6g. of P,O, and 3c.c. of phosphoric acid) on a steam-bath for 
3 hours. The reaction mixture was poured into ice-water, and the clear solu- 
tion was basified with ammonia. The precipitate was collected, washed 
with water and crystallized from dilute ethanol in the form of needles, m.p. 
178-79° C. Found: C, 72:49; H, 6:08. C,3H;s30,N requires C, 72-54; 
H, 6-09, identical with the base prepared by Raman of this laboratory (un- 
published), mixed m.p. 178-79°C. 


(c) 4’: 5’-Dihydro-6 : 7-dimethoxy-4-methyl-furo-(2’ : 3'-2: 3)-quinoline (IV, 
R= R, —_ OCH;; R, —_ H) 


6: 7-Dimethoxy-4-methyl-2-quinolone-3-acetic acid (I, R= R, = OCH;; 
R, = H).—The quinoline acid prepared from 6-amino veratrophenone (2 g.) 
and succinic anhydride (1-2 g.) (as in the previous case) was crystallized from 
alcohol, m.p. 275-78°C. (decomp.), yield 1-5g. Found: C, 60-38: H, 
5:29. C,,4HisNO, requires C, 60-64; H, 5-41. 


Ethyl-6 : 7-dimethoxy-4-methyl-2-quinolone-3-acetate (II], R= R, = 
OCH,; R, = H).—1-5g. of the quinolone acid was refluxed with 15 c.c. of 
absolute ethanol containing | c.c. of concentrated sulphuric acid for 5 to 
6 hours, cooled and poured into water and the product crystallized from alco- 
hol, m.p. 260-62°C. Found: C, 62:89; H, 6-20. C,H,,NO, requires 
C, 62°95; H, 6-23. 


3-(2'-H ydroxy-ethyl)-6 : 7-dimethoxy-4-methyl-2-quinolone (III, R = R, = 
OCH;; R, = H).—1 g. of the above ester was reduced with 0:5 g. of lithium- 
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aluminium hydride in tetrahydrofuran and the product isolated as pre- 
viously crystallized from dilute alcohol, yield 0-5 g., m.p. 285-86° C. Found: 
C, 63:59; H, 6:08. C,4H,,O,N requires C, 63-87; H, 6°46. 


4' : 5'-Dihydro-6 : 7-dimethoxy-4-methyl-furo-(2’ : 3'-2: 3)-quinoline _(IV, 
R= R,=OCH,; R, = H).—220 mg. of the above alcohol was heated on 
a steam-bath with polyphosphoric acid (from 5 g. of P,O; and 3 c.c. of phos- 
phoric acid) for 3 hours. The reaction mixture was poured into water and 
the clear solution was basified with ammonia. The base was collected and 
crystallized from dilute alcohol, m.p. 209-5-210-5° C. Found: C, 68-79; 
H, 6°18. C,4H;s0,N requires C, 68-63. H, 6°12. 


(d) 4’: 5'-Dihydro-4-methyl-7: 8-dimethoxy-furo-(2': 3'-2 : 3)-quinoline (IV, 
R=H; R,= R,=OC8,) 


7: 8-Dimethoxy-4-methyl-2-quinolone-3-acetic acid U, R=H; R,= 
R, = OCH;).—The quinolone acid was prepared from 2-amino-3: 
4-dimethoxy acetophenone (4g.) and succinic anhydride (2-4g.). 300c.c. 
of 2% KoH was used for cyclization. 


Crystallized from alcohol containing acetic acid, m.p. 288-90° (decomp.). 
Found: C, 60-5; H, 5-42. C,,H,,NO, requires C, 60-64; H, 5-41; Ethylester 
m.p. 174-75° C. Found: C, 62:69; H, 6:2. C,gH,,NO; requires C, 62-95; H, 


6-23. 


3-(2'-Hydroxy-ethyl)-7 : 8-dimethoxy-4-methyl-2-quinolone (III, R= 4H; 
R, = R, = OCH;).—1 g. of the above ester was reduced with 0-5g. of 
lithium aluminium-hydride in tetrahydrofuran. The product was crystallized 
from dilute alcohol, m.p. 186-87° C. Found: C, 63-58; H, 6-2. C,gH,,NO, 
requires C, 63-87; H, 6-46. 


4’: 5'-Dihydro-7: 8-dimethoxy-4-methyl-furo-(2' : 3'-2: 3)-quinoline (IV, 
R=H; R, = R, = OCH;).—0:5g. of the alcohol was heated with poly- 
phosphoric acid on a steam-bath for 3 hours. The reaction mixture was 
poured into ice-water and basified with ammonia. The base was collected 
and crystallized from dilute alcohol, m.p. 132-5-133°C. Found: C, 68-5; 
H, 6:08. C,4H,;;NO, requires C, 68-63; H, 6°12. 


(e) 4’: S'-Dihydro-7-methoxy-4-methyl-furo (2': 3'-2: 3)-quinoline (IV, R= 
R, => H; R, = OCH;) 


7-Methoxy-4-methyl-2-quinolone-3-acetic acid.—The quinolone acid was 
prepared from 2-amino-4-methoxy acetophenone® (3¢.) and succinic 
anhydride (2 g.). Crystallized from alcohol, m.p. 279° C. (decomp.). Found: 
C, 62-84; H, 5-28. C,sH,gsNO, requires C, 63-14; H, 5-30. Ethylester 
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Crystallized from alcohol, m.p. 208° C. Found: C, 65-4; H, 6°3. C,sHiNO, 
require C, 65°46; H, 6-23. 


3-(2'-Hydroxy-ethyl)-7-methoxy-4-methyl-2-quinolone (III, R= R, = H; 
R, = OCH;).—The ethylester (1 g.) was reduced with lithium-aluminium 
hydride (0-5 g.) in tetrahydrofuran. Product crystallised from dilute alcohol, 
mp. 180-81°C. Found: C, 66°49; H, 6°39. C,3H;;O,N requires C, 
66°89 ; H, 6°48. 

4’ : 5'-Dihydro-7-methoxy-4-methyl-furo-(2' : 3'-2: 3)-quinoline—0-5g. of 
the above alcohol was heated with polyphosphoric acid for 4 hours on a steam- 
bath. The reaction mixture was poured into ice-water and basified with 
ammonia. The base was collected and crystallized from dilute alcohol, 
m.p. 123-24°C. Found: C, 72:5; H, 6:09. C,3H,3;0,N requires C, 72-54; 
H, 6:09. 


(f) 4: 5’-Dihydro-7 : 8-dimethoxy-furo-(2' : 3'-2 : 3)-quinoline (VII, R= H; 
R, = R, = OCH;) 


7: 8-Dimethoxy-2-quinolone-3-acetic acid (Vv, R=H; R,=R,= 
OCH;).—2 aminoveratraldehyde?? (7 g.) in 50c.c. of benzene was refluxed 
with 4-1 g. of succinic anhydride on a steam-bath for 30 minutes, cooled 
and the succinoyl derivative collected and refluxed with 400 ml. of 2% aq. 
potassium hydroxide for 1 hour, cooled, and acidified with hydrochloric 
acid, when the quinolone acid slowly separated. Collected and crsytallized 
from alcohol, m.p. 259-60°C. Yield 4-5g. Found: C, 59-23; H, 5:18; 
N, 5:48. C,3H,;3;NO; requires C, 59-3; H, 4:94; N, 5:32. 


Ethylester—Crystallized from alcohol as colourless needles, m.p. 
162-63° C. Found: C, 61:99; H, 5-64; N,4-9. C,sHy,NO; requires C, 
61°86; H, 5°84; N, 4-81. 

3-(2'-Hydroxyethyl)-7 : 8-dimethoxy-2-quinolone IV, R= H; R, = R, = 
OCH;).—The above ester (2 g.) was reduced with lithium-aluminium hydride 
(1 g.) and the product isolated and crystallized from dilute alcohol (colourless 
needles), m.p. 185-86°C. Yield 24g. (70%). Found: C, 62-0; H, 6-0. 
CisHisNO, requires C, 62°65; H, 6:02. 


7: 8-Dimethoxy-4' : 5'-dihydrofuro-(2' : 3’)-quinoline (VII, R= H; R= 
R, = OCH;).—The above alcohol (0-5 g.) was heated with polyphosphoric 
acid for 4 hours on a steam-bath, cooled and the reaction mixture poured 
into ice-water. After basification with ammonia, it was extracted with 
chloroform. The solvent was evaporated and the residue was repeatedly 
extracted with petroleum ether (60-80° C.) and the brown crystals, that sepa- 
rated on cooling the petroleum ether extract, were dissolved in dry benzene 

A3 
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and passed through a short column of alumina. The benzene was removed 
and the furoquinoline was obtained as colourless plates, m.p. 146-47° C. 


Analytical sample was prepared by crystallization from petroleum ether, 
m.p. 149-50°C. Found: C, 66-99; H, 5-6. C,s3Hig3NO, requires C, 67-53; 
H,. 5-6. 


(g) 6: 7-Dimethoxy-furo-(2' : 3’-2: 3)-quinoline (VII, R=R, = OCH;;R,=H) 


7g. of 6 aminoveratraldehyde!® was refluxed with 4-1 g. of succinic 
anhydride and the resultant product was refluxed with 400 ml. of 2% 
potassium-hydroxide, cooled and extracted with benzene to remove the amino 
aldehyde that had resulted from hydrolysis. The aqueous extract was then 
acidified when the quinolone acid slowly separated, crystallized from alcohol 
in colourless plates, m.p. 262-63° C. (decomp.). Yield 5g. (50%). Found: 
C, 60-1; H, 4-8; N, 5:24. C,3H,;NO; requires C, 59-3; H, 4:94; N, 
5-32., Ethylester: m.p. 225-26°C. Found: C, 61-98; H, 5-54; N, 4-83. 
C,sHizNO; requires C, 61°86; H, 5-84; N, 4-81. 


3-(2'-Hydroxy-ethyl)-6: 7-dimethoxy-2-quinolone (VI, R= R, = OCH;; 
R, = H).—The above ester (6g.) was reduced with lithium-aluminium 
hydride (3 g.) in absolute tetrahydrofuran. After decomposing the excess 
lithium-aluminium hydride with ethylacetate, the solvent was removed under 
vacuum. Ether and 2 N sulphuric acid were added and left overnight. The 
alcohol that separated was collected and crystallized from benzene-alcohol, 
m.p. 215-16°C. Yield 2-6g. (50-6%). Found: C, 62-15; H, 6-02. 
C.3H,;NO, requires C, 62-65; H, 6-02. 


4’ : 5'-Dihydro-6 : 7-dimethoxy-furo-(2' : 3’-2: 3)-quinoline—The above 
alcohol (0-8 g.) was heated with polyphosphoric acid on a steam-bath for 
3 hours. The reaction mixture was poured into ice-water and basified with 
ammonia. The required product slowly separated in fine colourless needles. 
Crystallized from dilute alcohol, m.p. 192-93°C. Found: C, 66-95; H, 5-4. 
C,3HisNO; requires C, 67-53; H, 5-6. 


SUMMARY 


The synthesis of some furoquinoline by a convenient method is reported. 
O-Amino-carbonyl compounds of benzene are succinoylated, ring-closed 
to 2-quinolone-3-acetic acids, reduced to the corresponding 3-ethylaclohols 
and again ring-closed to dihydrofurans. 
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ABSTRACT 


A study of cosmic ray intensity variations has been conducted during , 

1956-57 at the equatorial mountain station of Kodaikanal, using a standard 
neutron monitor. The data have been examined to look for the relationship 
between the day-to-day changes of intensity, the variance of bi-hourly devia- 
tions, the occurrence of large bi-hourly deviations at different hours of the 
day and the associated parameters of the daily variation. The results are 
related to the electromagnetic state of interplanetary space as determined 
by streams of solar matter in the neighbourhood of the earth, carrying with 
them frozen magnetic fields. Comparison is made with the model elabo- 
rated by Dorman. 


The principal conclusions are as follows: 


(1) Day-to-day changes of intensity involve increases as well as 
decreases with respect to a base intensity for the period in question. 


(2) The daily variation of intensity of local neutrons, at an equatorial 
mountain station during 1956-57, has often a large diurnal as well as a 
semi-diurnal component. 


(3) On days of high geomagnetic disturbance, the daily variation 
exhibits abrupt changes indicative of the source being situated at a distance 
shorter than the range of the geomagnetic field. On geomagnetically quiet 
days, the daily variation has a form consistent with its being related to an 
anisotropy in interplanetary space. On days of moderate geomagnetic 
disturbance, the daily variation has changeable characteristics. 





(4) Cotrelated day-to-day changes of mean intensity and daily varia- 
tion have been confirmed. For geomagnetically disturbed days, the semi- 
diurnal component is greater than the diurnal component for increases of 
intensity, and conversely for decreases of intensity. 


* A summary of some of the results presented here was reported at the Fifth Meeting of 
CSAGI, Moscow—August 1958. 


} For sometime at the Laboratory for Nuclear Science, M.I.T., Cambridge, Massachusetts. 
# Currently at Division of Pure Physics, National Research Council, Ottawa. 
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(5) An examination of the time series of Cp for high intensity and 
for low intensity indicates the presence of a component of the frozen magne- 
tic field in the direction of the solar dipole field. However, during the 
period of observation the solar dipole field and the sunspot field were in 
the same direction. Therefore, the results obtained cannot be considered 
either to confirm or refute the possibility of beams carrying sunspot fields 
with them. 


1. INTRODUCTION 


THE solar daily variation of cosmic ray intensity exhibits a number of features 
which are clearly of non-meteorological origin. Moreover, many of these 
relate to radiation outside the influence of the geomagnetic field and provide 
information concerning the anisotropy of the primary radiation. The aniso- 
tropy is of a variable character, undergoing change from day to day, and its 
12-month average characteristics also change markedly from year to year 
with striking relationships with the 11 and 22-year cycles of solar activity. 
The main features of these changes have been summarized elsewhere.! 


For a physical interpretation of the solar anisotropy of cosmic rays, in 
the context of its great variability, it is important to examine the distinctive 
forms of the daily variation that occur on individual days. It is also very 
useful to have knowledge of the relationship of the different forms with the 
level of daily mean intensity as well as with the perturbation of the geomagnetic 
field by particle radiation from the sun. Often, however, the standard error 
of an experimental determination of the daily variation on an individual day 
is too large to permit valid conclusions, and data are then averaged over a 
number of days grouped together on some criteria. Past studies*-* have 
been mainly concerned with the change of daily variation of intensity asso- 
ciated with geomagnetic disturbances, sometimes in combination with decreases 
of daily mean cosmic ray intensity. Yoshida’ has examined several interest- 
ing features of a storm-time anisotropy which may be considered to be 
superimposed over a quiet period anisotropy during geomagnetic disturbances. 
The changes of the storm-time anisotropy up to several days following the 
onset of a magnetic storm, the changes related to the solar cycle of activity, 
and the energy dependence of the anisotropy have been studied. Sarabhai 
and Nerurkar® have made a phenomenological classification of three types 
of daily variations observed in the meson intensity at low latitudes, the first 
designated ‘d’ type has a maximum near noon, the second designated ‘n’ 
type has a maximum soon after midnight, and the third designated * s’ type 
has two maxima. Sittkus® as well as Remy and Sittkus’® have similarly 
Observed the occurrence on groups of days of distinct types of daily 
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variations. An interesting feature about the occurrence of daily variation with 
large amplitude is that it is associated with about the same degree of geo. 
magnetic disturbance as the daily variation with average or small amplitude, 
Sarabhai and Bhavsar! have found that ‘ d’ and ‘ n’ type days are respectively 
associated with increases and decreases of daily mean intensity. 


It is now fairly clear that many features of the variations of intensity 
and of anisotropy of primary cosmic radiation are related to emission of 
particle radiation from the sun which alters the electromagnetic state of 
interplanetary space. A number of physical processes have been suggested 
to explain the observed effects, but their respective roles, which may be 
expected to differ on different occasions, have not been evaluated. We are 
thus quite far removed from an understanding of the phenomena which would 
permit us to draw conclusions concerning the electromagnetic state of inter- 
planetary space from cosmic ray and geomagnetic indices. As a first step 
it is important to distinguish between states on phenomenological considera- 
tions and then relate the states to theoretical models which have been proposed 


We present here an account of some new results from a study of data 
collected with a standard neutron monitor at Kodaikanal (geomagnetic 
latitude = 1° N., longitude 77° E., altitude 7,688 feet above sea-level) from 
December 1956 to September 1957. We have looked at the relationship 
between the day-to-day changes of intensity, the variance of bi-hourly devia- 
tions, the occurrence of large bi-hourly deviations at different hours of the 
day and the associated parameters of the daily variation. We have also 
studied the relationship of these with Cp, the daily planetary character figure 
for geomagnetic disturbances, which has often been considered to be an index 
of solar corpuscular radiation reaching the earth. In the analysis we have 
attempted to make a distinction between changes in the level of the cosmic 
ray intensity, which we can study on a day-to-day basis, and a daily variation 
of intesity. The former could be ideally measured by placing an omni- 
directional detector at a point in space unhindered by the shadow of the earth. 
The latter would be observed, even though all characteristics of the primary 
radiation are constant, by a detector scanning a region of space in which 
cosmic ray intensity is anisotropic. In practice we are far removed from the 
ideal situation since our measurements are made on the surface of the earth 
with a changeable atmosphere above it. The variations which we study can 
be due to anisotropy, meteorological factors, and those referred to as primary 
variations which could be due to all other causes. Nevertheless, it is possible, 
as we describe later, to devise procedures of analysis which permit us to gain 
information on the primary variations of intensity and anisotropy of cosmic 





Variations of Intensity and Anisotropy of Cosmic Rays 87 


rays, as well as the relationship between the two and of each of them with 
geomagnetic disturbances. 


We show in this communication that very significant new information 
can be derived if the daily variation represented by 12 bi-hourly deviations is 
studied, instead of just the diurnal component of the variation. We present 
evidence which indicates that variations of primary intensity can occur 
independently of the creation of a strong anisotropy, and conversely, an 
anisotropy may exist with intensity at normal level. However, there are 
many instances when the changes of intensity and of anisotropy, as reflected 
in the form of the daily variation, are correlated in the manner observed by 
Sarabhai and Bhavsar. These are distinct from changes associated with 
geomagnetic disturbances reported earlier, and increases of intensity over a 
normal level of daily mean intensity, as well as decreases, are found to occur 
in these correlated changes. The relationship of cosmic ray changes with 
Cp is more complex than has hitherto been believed. 


The results are discussed in relation to the electromangetic state of inter- 
planetary space in the neighbourhood of the earth, particularly with reference 
to the model developed by Nagashima,!? Nerurkar!* and Dorman" on basic 
physical processes suggested by Alfven. 


2. DATA 


The influence of meteorological changes on cosmic ray intensity can be 
removed with little ambiguity from the data consisting of successive bi-hourly 
intensities by applying a barometric correction to the intensity measured by 
aneutron monitor. The bi-hourly intensities were first reduced to a standard 
barometric pressure, using a coefficient 8 = — 0-94% per mm. of Hg. The 
primary variations of intensity can be studied in terms of averages over a 
period of 24 hours, so as to get an integrated effect for all directions in space 
which are scanned by the instrument as the Earth goes through one complete 
rotation about its own axis. Thus moving averages over 12 bi-hourly inten- 
sities provide a time series for changes of daily mean intensity. The day-to-day 
changes of the daily mean intensity on 306 individual days, during the period 
of study, have been plotted in Fig. 1. The value of Cp, the daily planetary 
character figure of geomagnetic disturbances, is also plotted alongside. 


The days involving large and rapid decreases, with a change of intensity 
exceeding 2°5% in 24 hours, and three days on either side have been marked 
in the above figure. During the period of study there were three such events, 
of which two were associated with large changes of Cp. As it is difficult to 
correct the daily variation on these days for the trend of day-to-day changes 
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in intensity, they have been excluded from the main study of the daily varia- 
tion. Days on which two or more bi-hourly values were missing are also 
excluded. Thus the number of days available for study of the daily variation 
reduces to 239. Before examining the data for daily variation, the bi-hourly 
deviations were corrected for the trend of day-to-day changes of intensity, 
derived from the time series obtained by taking moving averages over 12 
successive bi-hourly values. 





ta/s6 ys? , o/s? 


7/37 ? 


Fic. 1. The percent. deviation JAI of daily mean cosmic ray intensity at Kodaikanal and 
the daily planetary character figure Cp of geomagnetic disturbance, during th . period December 
1956 to September 1957. 


3. DAY-TO-DAY CHANGES OF COSMIC RAY INTENSITY AND OF 
DAILY VARIATION 


3.1 Daily mean intensity 


The day-to-day changes of the daily mean intensity have been studied 
by considering the per cent deviation 4 I of the daily mean intensity from the 
mean intensity of the entire period. Figure 2 shows the histogram of days 
grouped according to the magnitude and sign of 41. The histogram drawn 
with solid line represents the distribution for all the 306 days while the one 
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Fic. 2. Histogram of occurrence of positive and negative per cent. deviations JI of daily 
mean cosmic ray intensity. The histogram in full line corresponds to a sample of all days during 
the period of study, while the diagram in dctted line corresponds to the sample of days used for 
study of daily variation. 
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with dotted line represents the distribution for the 239 days used for the study 
of the daily variation. Neither distribution is symmetrical with respect to 
the mean. For an amplitude 4I greater than 1-5%, negative deviations are 
more frequent than positive deviations. 


For the purpose of separation of days on which we have either a positive 
or negative deviation or normal daily mean intensity, we consider a 3-sigma 
level of significance which corresponds to a deviation of 0-45%. Days having 
AI greater than + 0-45% are designated I* days, whereas days with 4 I less 
than — 0-45% are designated I- days. The group of days with average 
intensity, for which 4 I lies between + 0°45% and — 0-45%, are designated 
I° days. 


3.2 The variance of bi-hourly deviations 


The variance Z? is an index of the variability of the twelve successive 
bi-hourly intensities on each day. The variance of the twelve bi-hourly devia- 
tions from the daily mean intensity on each individual day was calculated 
after correcting for the trend of the day-to-day changes of daily mean inten- 
sity. For a Poisson’s distribution, the variance is expected to have a value 
less than 2-5X5x 10° in 99-9% cases. Hence we define days of low variance 
as those with 2? < 2-5x5x 10° and designate them as 2,” days. The days 
with significant disturbance of the bi-hourly deviations have been classified 
into days of medium variance 2'y? where 2:5x5xX 10°< 2y?< 3:5x5x 105, 
and days of high variance 2y*, where 2y?> 3-5x5X10°. 


On a day on which there is a large anisotropy, there would also be a 
large daily variation of intensity, and this would be reflected in the variance 
being greater than normal. The distribution of 2? for 239-days is shown in 
Fig. 3. Anisotropy is small or absent on about half of all days. On about 
28% of the days there is a moderate anisotropy and for the remaining 23% 
of the days there is 2,2 indicating a strong anisotropy. 
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Fic. 3. Histogram of variance >? on individual day of deviations of bi-hourly cosmic ray 
intensity from daily mean intensity. 
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3.3 Bi-hourly deviations and daily variation 


As indicated earlier, the bi-hourly values were first corrected for the trend 
of the day-to-day changes of daily mean intensity. A bi-hourly deviation 
Aiz from daily mean intensity of bi-hourly intensity, centred at hour x, is 
considered positive or negative if its amplitude exceeds the 2-sigma level of 
significance which corresponds to 1-6%. A positive deviation is designated 
as 4 iz* or x*, and a negative deviation as 4 i, or x. 


The number of days on which a significant positive deviation 4 i,* occurs 
corresponding to each bi-hour is plotted in Fig. 4. The distribution of nega- 
tive deviations 4iz~ is also plotted, but with the ordinate reversed. The 
average number of deviations greater than 1% of each sign at each bi-hour, 
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Fic. 4. Diagrams showing frequency of occurrence at different hours of positive and 
negative bi-hourly deviations 4x of significant amplitude. 


that could occur in the period covered by our data, purely through chance 
is six. Primary variations of intensity with a time scale of change, which 
is short compared to 24 hours, could also produce significant bi-hourly devia- 
tions which would not be eliminated by the process of applying correction for 
day-to-day changes of intensity. These as well as deviations arising through 
chance should occur with equal probability at all bi-hours. On the other 
hand, bi-hourly diviations, which are connected with a daily variation of inten- 
sity, should occur preferentially at certain bi-hours. These deviations and the 
bi-hours at which they occur are of particular interest in our study of the 
anisotropy of cosmic ray primary radiation. Their identification depends on 
two considerations. Firstly, the number of significant deviations should 
greatly exceed the number expected through chance causes. We take note 





rend 
tion 
(, is 
1 of 
ated 


urs 
2a 
The 
yur, 


ind 








Variations of Intensity and Anisotropy of Cosmic Rays 91 


of only those bi-hours for which the number of deviations significant at the 
2-sigma level is five times the expected number of six significant deviations of 
each sign at each bi-hour. Secondly, the histograms of significant positive 
and negative deviations, which are shown in Fig. 4, should demonstrate a 
pattern of regular changes in contrast to random behaviour. 


At many bi-hours,.the number of deviations exceeding + 2 sigma is far 
greater than six and hence the association of the particular significant devia- 
tions with a daily variation of intensity is suggested. It would be observed 
that positive deviations occur most frequently at 14, 12 and 10 hours, and 
again at 0 hours. Negative deviations occur most frequently at 20, 22 and 
18 hours, and again at 6 hours. These hours are designated ‘important 
hours”. At several bi-hours, the occurrence of significant positive as well 
as negative deviations is simultaneously more than can be expected from 
chance, and this is strongly suggestive of the existence of more than one type 
of daily variation which can occur on different days. 


4. CORRELATED CHANGES OF DAILY VARIATION, DAILY MEAN 
INTENSITY AND GEOMAGNETIC DISTURBANCES 


4.1 Daily mean intensity and Cp associated with bi-hourly deviations 


Using the Chree method of superposed epochs, we have studied the 
relationship between significant bi-hourly deviations occurring at “‘important ”’ 
hours, and the changes of daily mean intensity I and of Cp. It is found that 
on epoch days, 10+ and 22- are associated with a daily intensity significantly 
below mean, and 6~ with an intensity significantly above mean. The mean 
value of Cp for epoch days is almost the same as the mean value for the whole 
period under consideration. 


The importance of individual bi-hourly deviations at 6 and 22 hours is 
borne out by Table I where the average daily mean intensity and average Cp 
on days associated with positive and negative bi-hourly deviations of varying 
magnitude at these hours are shown. Days with 2,? have not been considered 
as they represent a state when there is a non-significant anisotropy of primary 
radiation and hence it is then not meaningful to relate the form of the daily 
variation to the modulation of the daily mean intensity. It will be observed 
that increasing negative deviations at 6~ hours are associated with increasing 
daily mean intensity. On the other hand, increasing negative deviations at 
22- hours are associated with decreasing daily mean intensity. There is some 
evidence that the converse is true for positive deviations at both hours but 
the number of days on which such deviations are significant at the 2-sigma 
level is very small. In the connection seen here between negative deviations 
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at one bi-hour with an increase of daily mean intensity, and a negative devia- 
tion at another bi-hour with a decrease of daily mean intensity, we have an 
indication that I* represents a true increase of intensity while I- a decrease 
and the normal intensity for the period of the solar cycle is in or near the [® 
group. Thus, in contrast to the observations of Thambyapillai and Elliot! 
that 27-day recurrences of intensity represent exclusively decreases of intensity, 
the present study indicates that in general the modulation of cosmic rays on a 
day-to-day basis involves increases as well as decreases of the daily mean 
intensity. 
TABLE | 


Relationship of bi-hourly deviations at 0600 and 2200 hours with Cp 
and Averaged mean I for X'y? and Xy? days 





0606 hours 2200 hours 





is Groups No. Averaged Mean | Groups No. Averaged Mean 
of of meanl cS | of of meanl Cp 
deviation days x 32 | deviation days x 32 





>+2¢ 6 1269-2 0:40 | >+20 5 1276-8 0-84 
+e to + 20 15 1268-1 0-71 +o to+2o II 1277-1 0-88 
0 to +o 25 1269-0 0-73 0 to +o 22 1270-2 0-70 
0 to —a 18 1270-8 0-97 0to—c 20 1274-7 0-69 
—a to —2e 26 1271-2 0-73 | —o to —20 27 1268-7 0-76 
< —20 25 1276-1 0-87 |< —20 30 1268-5 0-86 








4.2 Daily mean intensity and daily variation 


The 239 days which have been used for the study of the daily variation 
are divided into groups of days of intensity I+, I° and I- classified according to 
the criterion described earlier. The average daily variation for each of these 
groups is then calculated. The results are shown in Fig. 5. The parameters 


?,, $1, Fo, $2 relating to the diurnal and the semi-diurnal components of the 
average daily variation are given in Table II. For both I* and I-, significant 
positive deviations occur at 12 and 14 hours and negative deviations at 20 
hours. As we have observed earlier, I* is related to a daily variation having 
a large negative deviation at 6 hours, and I- is related to one with large nega- 
tive deviation at 22 hours. It is interesting to note that the negative deviations 
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at 20 hours are part of a sharp minimum for I+ days but are part of a broad 
minimum for I- days. The daily variation for I+ days is thus characterised 
by two sharp minima, one on either side of a predominant broad maximum 
near noon. On the other hand, the daily variation on I~ days is characterized 
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Fic. 5. Average daily variation of cosmic ray intensity for days of high (I+), normal (I°) 
and low (I-) daily mean intensity. 


by a broad maximum near noon, a broad minimum in the evening, and a 
subsidiary maximum at midnight. The diurnal component for I+ has a time 
of maximum at 13 hours and for I- a maximum at 10 hours. - This is consist- 
ent with the observation of Sarabhai and Bhavsar with a narrow angle meson 
telescope that a daily variation with a maximum near noon is related to in- 
creases of mean intensity, while.a daily variation with an earlier time of maxi- 
mum is related to a decrease of mean intensity. 


4.3 Geomagnetic disturbances and daily variation 


Many authors have examined the changes in the diurnal component of 
the daily variation associated with geomagnetic disturbances. A further 
criterion that has often been applied relates to the occurrence of sharp de- 
creases of daily mean intensity associated with geomagnetic storms. In the 
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TABLE II 


present data, days involving large sudden decreases of cosmic ray intensity 
have been removed. The remaining 239 days were divided into three groups 
of Cp designated as Cp’, Cp™, Cp® corresponding to Cp’< 0-5, 0-6< Cp™ 
< 0-9 and Cp®> 1-0 respectively. The mean daily variation for these three 
groups of days is plotted in Fig. 6. The characteristics of the harmonic 
components of the mean daily variation and the mean 2? for each group are 
given in Table III. The daily variation for all three groups of days has a 
predominant maximum near noon with minima on either side of it. The subsi- 
diary maximum near midnight is much smaller than the principal maximum 
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The characteristics of the mean daily variation for groups of I | 



















Group No. of ry t+o* 4, rete $s Mean 2? | 
days % % x 5-105 | 

It 82 0-17+0-02 w+15° 0-24+0-02 25° 2:75 

[° 84 0-26+0-02 w+ 6° 0-26+0-02 49° 2-61 

63 0-22+0-03 153° 0-2440-03 51° 2-67 










* ¢ = Standard Error. 


TABLE III 


The characteristics of the mean daily variation for groups of Cp 


















Group No. of r,+o* $1 rato Po Mean 2? 
days x % x 5-105 
Cp* 67 0-19+0-03 a+7° 0-31+0-03 45° 2°77 
Cp* 66 0-15+0-03 144° 0-16+0-03 38° 2°57 
Cp* 96 0-27+0-02 #+7° 0-26+0-02 33° 2-69 










*@ = Standard Error. 


near noon. The noticeable alteration in daily variation for Cp* and Cp® groups 
relates to the form of the principal maximum and the minima on either side 
of it. These are sharp for the Cp® group but are quite broad for the Cp” 
group. The time of maximum of the diurnal component for the two groups 
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remains almost unchanged while the amplitude of the diurnal component is 
smaller for Cp® than for Cp" group. This is contrary to the observations of 
Sandstrom? from a study of the meson component at a high latitude station 
during 1947-50. Sandstrom found an increase of r,, and a shift of ¢, to 
earlier hours with increasing Cp. On the other hand, Sarabhai and Sastry,’ 
at Kodaikanal with a meson telescope have observed during 1956, a behaviour 
similar to that reported here for the daily variation of local neutrons 
at the same station. The difference between the results relating to 1947-50 and 
1956-57 is understandable on the observations of Yoshida’ that the distu.  1ce 
vector, which displaces the vector representing the quiet period diuinal 
variation, has itself an eleven-year period of change in amplitude as well as 
time of maximum. Thus the net change that is observed with Cp® should be 
dependent on the period of observation relative to the phase of the solar cycle 
of activity. Our observations are qualitatively in agreement with Sandstrom’s 
if account is taken of this fact. 
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Fic. 6. Average daily variation of cosmic ray intensity for days of high (Cp®), medium 
(Cp¥) and low (Cp*) index of daily planetary character figure for geomagnetic disturbance. 

If the criterion for storm days relates to the occurrence of geomagnetic 
disturbances associated with decrease of daily mean intensity I, as has been 
considered by some authors,?-* we should compare the form of the daily 
Variation for the subgroup Cp® I- with the rest of the days for which we have 
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Cp™ or Cp”. In a later section the daily variations of all the subgroups 
corresponding to the three classes of Cp and I are given. For the group 
corresponding to storm days (Cp# I-), the diurnal component of the daily 
variation has r; = 0-30 +0-02%, ¢, = 159° as compared to r, = 0-22 
+ 0:04%, ¢,=72+7° for the diurnal variation on non-storm days. The 
increase of the diurnal amplitude and its shift to earlier hours during storm 
days is in conformity with the observations of other workers. The Cp 
group with intermediate value of Cp corresponds to a much smaller average 
daily variation than the average daily variation for Cp® group (disturbed 
days) and Cp" group (quiet days). On the other hand, the mean 2? for Cp™ 
is approximately the same as for Cp# and Cp” groups. This indicates that 
the small amplitude of the average diurnal variation on Cp™ days is due to 
the great variability of the form of the daily variation rather than to an intrinsi- 
cally small anisotropy on individual days. 


4.4 Characteristics of the daily variation on individual days 


The conclusions derived from an examination of the characteristics of 
the average daily variation for groups of days, sorted according to I and Cp, 
may be confirmed by studying separately for each group the histogram of 
the time of maximum ¢, of the diurnal component of the daily variation on 
days on which its amplitude r, is significant at the 2-sigma level. The histo- 
grams of ¢, and ¢, for the groups I*, I® and I- as well as for the groups Cp®, 
Cp™ and Cp® are shown in Fig. 7. It will be observed that the ¢, histograms 
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Fic. 7. Histograms of occurrence of time of maximum ¢, of diurnal component and ¢3 
of semi-diurnal component on days on which the amplitudes of the respective components have 
significant amplitude during groups of days in the I+, I°, I- and Cp®, Cp™ and Cp* characteristics 
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or It and I- groups are significantly different and reveal a shift of time of 
maximum as observed previously in the average daily variation curves for 
the It and I- days. The histogram for the I® group is intermediate between 
the histograms for It and I- groups. The shift to earlier hours in the time of 
maximum of the diurnal component of the average daily variation for the I- 
group compared to the I* group is therefore also a feature of the daily variation 
on individual days in the respective groups. The histograms of time of 
maximum ¢, of the semi-diurnal component remain unaltered for all three 
groups of I. 


The histograms of ¢, for the Cp™ group corresponding to days with 
intermediate values of Cp, when compared with the histograms for Cp® and 
Cp" groups, reveal that the daily variation on individual days of the Cp™ 
groups is of a more variable character than the variation on days of the Cp# 
and Cp’ groups. As we have remarked earlier, the small amplitude of the 
average daily variation of the Cp™ group is due to a large scatter of the time 
of maximum for both the diurnal and semidiurnal components of the daily 
variation rather than to a small amplitude of the daily variation on individual 
days of the group. 


5. THE ELECTROMAGNETIC STATE OF INTERPLANETARY SPACE 


5.1 Specification of state from modulation of cosmic ray intensity and 
geomagnetic disturbances 


Experimental evidence indicates that the modulation of cosmic ray 
intensity, the anisotropy of the primary radiation and geomagnetic disturb- 
ances are phenomena which are related in some ways, but the relationship 
of any two of them is not constant at all times. All three have marked solar 
relationships and an interesting possibility exists of being able to interpret 
them in terms of streams of ionized solar matter emitted from the sun. On 
this basis, the cosmic ray effects may be related to the influence of the streams 
on the electromagnetic state of interplanetary space in the environment of 
the earth, and the geomagnetic effects to the interaction of the streams with 
the geomagnetic field. Dorman has considered in detail the type of effects 
which may be observed. In attempting to verify this approach, we can start 
with a phenomenological identification of the state of the environment of the 
earth in terms of observable effects produced in cosmic rays and in geo- 
magnetic changes. 


We can, to begin with, examine the anisotropy or daily variation associa- 
ted with the nine states characterised simultaneously by values of I and of Cp. 
For this purpose, the 239 days were first divided into three groups, I*, I°, I- 
and these three were each further subdivided into groups Cp”, Cp™, Cp*. 
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The mean daily variation for each of the nine states is plotted in Fig. 8. The 
characteristics of the diurnal and the semi-diurnal components corresponding 
to the mean daily variations are given in Table IV. The following are the 
noteworthy features: 
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TABLE IV 


The characteristics of mean daily variation and mean Z* 
for states of Cp and I 














I It f° I- 
Cp 

No. of days 22 23 22 
r,t0°% 0-10+0-04 0-27+0-04 0-30+0-04 

¢, degrees m+28 a+20 159 
Cp" ret0% 0-32+0-04 0-35+0-04 0-24+0-04 

¢, degrees 38 55 58 

Mean 2? 2-7 2-9 2°7 

x 5-105 

No. of days 25 21 20 
nto% 0-07+0-04 0-22+0-04 0-21+0-04 

Cp” ¢, degrees 170 150 120 
rio% 0-15+0-04 0-26+0-04 C-11+0-04 

dy degrees 30 46 30 

Mean 2? 2°6 2:5 2°6 

x 5-108 y 

No. of days 35 40 21 
nic% 0-26+0-03 0-32+0-03 0-20+0-04 

Cp* ¢, degrees a+19 a+5 162 
reto% 0-27+0-03 0-25+0-03 0-33+0-04 

dg degrees 20 cee 25 

Mean 2? 2+9 2°5 2:7 





x5-10° 
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(a) The variance 2? for all the nine states is comparable. However, 
the amplitude of the average daily variation for all Cp™ states has 
a magnitude much smaller than for Cp# and Cp* states. ‘Thus 
the large variability of the daily variation on individual days of 
the Cp™ state is present for each of the states corresponding to 
I’, I°, I- respectively. 

(b) Leaving aside states involving Cp™, we see more clearly than before 
the characteristic features associated with I+, I®° and I- for Cp® 
and Cp”. The largest positive bi-hourly deviation occurs at 
14 hours for I°, with Cp# as well as with Cp’. The sharp negative 
deviation at 6 hours associated with I+ is also seen for I° Cp, but 


not for I°Cp*. A sharp positive deviation at midnight is observed | 
for I° Cp and for I- Cp* states. 


(c) #, and 7, are significant in all states except those involving Cp™. 


r, and ¢, are dependent on I as well as Cp states: but $2, the time 
of maximum of the semi-diurnal component, is the same for all 
states. 


1* 1° y* 



























































PERCENT DEVIATION OF BIHOURLY INTENSITY 








a CLE ee a 


~ 08% | | | 
ree ee bend ee ae ere 
6 ' 


° 6 12 1s ° ° ° 6 12 1s ° 

















ry 
LOCAL TIME 


Fic. 8. Average daily variation of cosmic ray intensity for the 9 states formed by paired 
characteristics of I (columns) and of Cp (rows). 

(d) At Kodaikanal, during the period of experimentation, differentia- 
tion of days, in respect of I* and I- states, using the character- 
istics of the harmonic components of the daily variation on 
individual days, is possible only for Cp® days. We then have 
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r,/rg> 1 for I- days and r,/r, < 1 for It days. This is because 
while in the latter state the semi-diurnal component predominates 
over the diurnal component, the reverse is the case in the former 
state. Differentiation in this manner is not possible in general 
because for Cp* I- state, r,/r, << 1 as is the case for the Cp® I+ 
State. 


5.2 Specification of state in terms of modulation of daily mean intensity and 
anisotropy of cosmic rays 


In the preceding section it has been pointed out that there is no signifi- 
cant difference in the mean variance 2? for the nine states characterised by 
values of Iand Cp. In order to study the nature of the daily variation associ- 
ated with low, medium and high variance the I*, I®, I- states were subdivided 
into groups with 2,7, 2? and 2,2. The mean daily variation for each of 
these nine groups is shown in Fig. 9. The characteristics of the harmonic 
components are indicated in Table V. 
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Fic. 9. Average daily variation of cosmic ray intensity for the 9 states formed by paired 
characteristics of I (columns) and of 3? (rows). 

As is to be expected, the daily variation is largest for 2,,° and is least 
for 2,2. The characteristic differences in the nature of the daily variation 
for I+, I° and I- states are shown well for 2? and 2,,? states; but for 2,3 
state the differentiation is not clear as the state includes all days on which the 
amplitude of the daily variation is comparable with the magnitude of bi-hourly 
deviations which can occur through chance causes. Other interesting points 
are as follows: 
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TABLE V 


The characteristics of the mean daily variation, mean I and 
mean Cp for states of I and 2? 

















I+ I- 
No. of days 20 20 13 
rto*% 0-37+0-04 0-39+0-04 0-38+0-06 
¢, degrees aw+27 173 163 
Z,' rte % 0-41 +0-04 0-36+0-04 0-42+0-06 
¢, degrees 34 58 37 
Mean Cp 0-84 0-71 0-94 
Mean I 1282 x 32 1272 x 32 1259 x 32 
z." No. of days 25 21 19 
nt0% 0-19+0-04 0-30+0-04 0-36+0-05 
¢, degrees a+32 m-+20 143 
rmio% 0-19+0-04 0-26+0-04 0-39+0-05 
¢, degrees 15 60 46 
Mean Cp 0-66 0-68 0-95 
Mean I 1282 x 32 1273 x 32 1258 x 32 
No. of days 36 43 30 
[rnte% 0-19+0-03 0-20+0-03 0-07+0-04 
¢, degrees 139 180 163 
mr rnto% 0-19+0-03 0-23+40-03 0-17-+40-04 
¢, degrees 15 35 45 
Mean Cp 0-68 0-63 0-78 
Mean I 1281 x 32 1275 x 32 1259 x 32 








*@ = Standard Error. 
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(a) On about half of all days belonging to each of the states I*, I® and 
I-, there is no anisotropy large enough to be significant under 
the conditions obtaining in our experiment. 


(6) The states 2," I- and 2? I- have the greatest mean Cp, indicating 
that geomagnetic disturbances are associated with decreases of 
the daily mean intensity occurring simultaneously with the 
creation of a strong anisotropy. The decreases are of greater 
amplitude than the increases. 


(c) The 2;? states are in general associated with moderate to low mean 
Cp. 


5.3 Sequential changes of intensity I and of Cp connected with states 

Using the Chree method of superposed epochs, we have examined the 
time series of the daily mean cosmic ray intensity and of Cp on days preceding 
and following epoch days, defined by the occurrence of a particular state. 
If the modulation of cosmic ray intensity is produced by an electric field 
associated with a frozen magentic field in a beam of ionized solar matter in 
the neighbourhood of the earth, it has been suggested by Alfven!® that the 
magnitude of the quantity —1/I dI/dt, representing the rate of change of inten- 
sity from day-to-day, would be proportional to the magnitude of the electric 
field in the beam. A modulation of intensity by the electric field is then 
inferred by Venkatesan!’ when there is high correlation between the time 
series of —1/I dI/dt and of Cp derived through Chree analysis. 


Figure 10 shows the time series for Cp’ and for Cp epochs. The Cp” 
state at epoch is related to a gradual increase of daily mean cosmic ray inten- 
sity commencing about six days before epoch. The maximum is reached 
one day after epoch and is followed by a decrease which extends for several 
days beyond the day ( + 4) when average intensity is reached. The time series 
for Cp has a very interesting form. Cp is low only for — 2 to + 1 days and 
rapidly regains average value after epoch. It is not suggestive of Cp" epochs 
representing a state when solar beams are absent in the neighbourhood of 
the earth. There is apparently no relationship between the time series of 
Cp and of — I/IdI/ dt. If we are to infer from this that the electric field in 
the beam plays an insignificant role, we would be required to explain what we 
consider to be the increase of cosmic ray intensity through an alternative 
acceleration process of a type which involves preferentially the low energy 
primaries, the radius of curvature of whose orbits are less than the width of 
the stream. However, we might question the correctness of a basic assump- 
tion which is made in looking upon the time series for Cp as indicating the 
relative position of the solar beam with respect to the earth, It does not 














S 


ee 


-— wm 


—_—_ a Uh llCUre Cl 





Variations of Intensity and Anisotropy of Cosmic Rays 103 


appear likely that we can follow this reasoning for geomagnetic quiet days for 
which we have the Cp" state. It would then be not appropriate to conclude 
that we have here an increase of intensity not related to the electric field in 
the beam. Without knowledge of the energy dependence of the radiation 
involved in the increase, it is difficult to resolve this major ambiguity in 
interpretation. 


For the time series in Fig. 10 relating to the Cp® state at epoch, there is 
an abrupt decrease of intensity starting one day before epoch. The intensity 
reaches a minimum one day after epoch and then gradually recovers to normal 
value in about five days. There is close association between the time series 
of — 1/I dI/dt and of Cp, with the former having a maximum value on epoch 
days. On the interpretation outlined earlier, this indicates the influence of 
the electric field in the beam in producing decreases of intensity. Moreover, 
there is a marked anti-correlation between the time series of I and of Cp which 
suggests that the decreases are also produced through processes not connected 
with the electric field. The additive effects of the processes for the Cp® state 
result in the decreases of intensity being much larger than the increases of 
intensity for the Cp* state. 

LOW Cp EPOCHS HIGH Cp EPOCHS 
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Fic. 10. Chree analysis of I and of Cp for Cp* and Cp” epochs corresponding to low and 
high degree of geomagnetic disturbance respectively. The time series for — 1/IdI/dt, derived 
from the time series of I, is also shown. 


We have seen earlier that both I* and I states can occur in conjunction 
with either Cp® or Cp" states. In Fig. 11 we show the time series from — 10 
to + 30 days of I and Cp for the occurrence at epoch of the states It Cp®, 
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I+ Cp", IF Cp® and I- Cp*. It will be observed that for I* Cp* state, the 
intensity remains high for several days after epoch and then decreases sharply | 
to a negative level. 


The time series of I and of Cp for I- Cp® and for I- Cp* states are similar 
except for a relative shift corresponding to a change from the Cp® state to 
Cp" state. The detailed features of both time series appear to be preserved 
for at least ten days on either side of epoch during the shift that is associated 
with change from Cp® to Cp". If I- Cp® state is associated with a condition in 
which a solar beam envelopes the earth, the I- Cp” state appears to correspond 
to conditions a few days later as the beam moves away from the earth. 


The time series in Fig. 11 are suggestive of a 27-day recurrence tendency 
in I, only for I- Cp* state at epoch. The time series of Cp are devoid of 
any notable features such as a 27-day recurrence tendency, and bring out 
rather well that during the period of investigation, solar activity had already 
risen to a level where there were at almost all times a large number of active 
regions on the sun. 
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Fic. 11. Chree analysis of I and of Cp for epochs corresponding to the 4 states I+ Cp*, 
I* Cp, I- Cp® and I- Cp’. 


We can study the time series for epochs corresponding to states specified 
by I+ or I which are associated with the presence of large anisotropy signified 
by 2° or the relative absence of a significant anisotropy indicated by 2,2. 
The time series of I, of Cp and of — 1/IdI/dt for the states I+ 2,2, I 2,2, 
I- 2," and [- 2,” at epoch are indicated in Figs. 12 A, B, C and D respectively. 
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For [* state, the correlations of the time series of I+ and of — 1/I dI/dt are both 
rather low. For I state there is good correlation of Cp with — 1/I dI/dt only 
for the 2,,* state. There is anti-correlation between Cp and I for both I- 
states, though this is higher for 2,? than for 2,*. On the basis of the model 
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Fic. 12. Chree analysis of I and of Cp for epochs corresponding to the states I+ 3,* (Fig. 
12 A), I* 5.3 (Fig. 12 B), I- J," (Fig. 12 ©) and I- J," (Fig. 12 D). The time series for — 1/I, 
dijdt derived from the time series of I is also shown in each figure. 
which we have discussed earlier, this would imply that when decreases of 
intensity are related to Cp as well as to an electric field in the beam, there is 
also present a strong anisotropy. Decreases can also occur without a strong 
anisotropy but then they are not associated with an electric field in the beam. 


6. INTERPRETATION OF EXPERIMENTAL RESULTS 
6.1 The solar daily variation and the anisotropy of primary cosmic radiation 


The daily variation of cosmic ray intensity is generally described in terms 
of its diurnal and semi-diurnal components or, sometimes, by the difference 
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between the mean intensities during daylight and night hours. With either 
method, the analysis is capable of revealing only those changes in intensity 
within 24 hours which are gradual and represent deviations of intensity, 
positive or negative, which persist for several hours. While sudden changes 
of intensity lasting for one to two hours, which recur at the same solar time 
on different days, should properly be considered features of a solar daily 
variation of intensity, it has been widely believed that the occurrence of such 
changes is improbable. Therefore, the adoption of techniques of analysis 
which would be incapable of revealing them has not been considered a handi- 
cap. Moreover, unless the apparatus which measures cosmic ray intensity 
has a high counting rate and an adequate angular resolution for directions of 
incidence, it would be impossible to establish with appropriate statistical 
significance single bi-hourly deviations which are associated with a daily 
variation. A neutron monitor at a mountain elevation, with its high counting 
rate and a directional sensitivity towards the vertical due to the rapid attenua- 
tion of the nucleonic component in inclined directions, provides a convenient 
instrument to test the existence or otherwise of such changes. The unambi- 
guity in applying to the local neutron intensity, a correction for atmospheric 
changes, is an added advantage when studying the primary variations of 
cosmic rays. 


We have earlier examined the mean daily variation associated with 
states specified by deviations of daily mean intensity I and magnitude of Cp, 
the index of geomagnetic disturbance. Amongst the hours at which signifi- 
cant bi-hourly deviations occur on a large number of days, designated ‘ im- 
portant hours ’, positive deviations at 0 hour and negative deviations at 6 hours 
represent sharp changes of intensity. Positive deviations near noon and 
negative deviations in the late evening correspond to a broad maximum and 
a broad minimum respectively. Moreover, the maxima and minima of the 
daily variation for Cp® state are sharp while for the Cp* state they are broad 
Thus in studies which have been made by considering the diurnal and the 
semi-diurnal components rather than the individual bi-hourly deviations, the 
influence of the sharp maximum at midnight and the sharp minimum a: 
6 hours is underestimated in relation to the broad features near noon and in 
the late evening. 


The study made at Kodaikanal during 1956-57 reveals that sharp changes 
of bi-hourly intensity are not only present as features of a daily variation on 
some days, but they are of considerable significance. It is , therefore, meaning- 
ful to refine existing techniques of experimentation to be able to deal with 
single bi-hourly deviations in addition to the diurnal and the semi-diurnaj 
components of the daily variation. The abrupt increases and decreases 
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of bi-hourly intensity at certain periods of the day, which occur particularly 
in association with geomagnetically disturbed days, would be indicative of 
the source of the changes being nearer the earth than the anisotropy produced 
in streams of solar matter outside of the main influence of the geomagnetic 
field. This conclusion is reached from the zenith angle response of a neutron 
monitor and the large scatter in asymptotic longitude of primaries, with 
orbits parallel to the plane of the ecliptic, which influence the intensity measured 
at the geomagnetic equator. 

On a number of days during the period of observation, the daily varia- 
tion of local neutrons at Kodaikanal has significant diurnal and semi-diurnal 
components. Taking this result in relation to observations made by Sarabhai 
et al.® concerning the form of the daily variation of meson intensity at 
Kodaikanal and at Huancayo at different periods of the solar cycle, it is clear 
that the form of the daily variation is dependent on latitude and elevation of 
station, of the geometry of instrument, the secondary component which is 
measured and the period of observation in relation to the cycle of solar 
activity. Certain conclusions which have been drawn in the past are related 
to particular conditions obtaining in the experiment. For instance, the dis- 
tinction observed, by Sarabhai and Bhavsar with narrow angle telescopes in 1955 
at Ahmedabad, between two types of daily varjations differing in the time of 
maximum of the diurnal component, is seen only during Cp® state at mountain 
stations at the equator in 1956-57 where the semidiurnal component is present 
on a large number of days along with a diurnal component. ¢, at Kodai- 
kanal during 1956-57 remains remarkably constant on a day-to-day basis in 
contrast to ¢,. When we relate this with the observation of Sarabhai and 
Sastry® that ¢, for the annual mean daily variation at Huancayo goes through 
a 22-year cycle, it is clear that we have a situation where there are two types 
of changes, one with a long period related to gross changes in the condition 
of interplanetary space in the plane of the ecliptic. There is superposed on it 
a day-to-day effect related to localised conditions associated with individual 
beams in the neighbourhood of the earth. 

Because of the foregoing, there are many features of the daily variation 
and changes in it which are not similar on a global basis. Nevertheless they 
respond to physical conditions in interplanetary space; the differences in the 
daily variations being due to the region of the anisotropy which is scanned by 
the instrument and the primary energy response of the instrument. 

6.2 Cosmic ray effects produced by solar streams with trapped magnetic 
fields 

Dorman has considered the detailed implications of the cosmic ray 
effects that can be produced by streams of ionised solar matter in the neighbour- 
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hood of the earth. Day-to-day changes in the electromagnetic state of inter- 
planetary space are expected to be produced by streams in which ionised 
matter travels outwards from the sun with a velocity of about 10*® cm./sec. 
A stream carries with it a frozen magnetic field which may be derived from 
the local field at the pluce of ejection of the stream, or from the dipole field 
of the sun. With increasing radial distance from the sun, the radial and 
transverse components of the trapped field get progressively weaker, the 
radial component more so than the transverse components. Moreover 
turbulence can set in at a certain stage and this would further weaken the 
trapped field. Thus the magnitude and orientation of the trapped field 
within a beam in the neighbourhood of the earth, and in consequence the 
electromagnetic state can have a great degree of variability from beam to 
beam and at different periods of the cycle of solar activity. 


Amongst the most important effects of beams which can be observed on 
the earth are the changes of intensity and of isotropy of the primary cosmic 
radiation and the disturbances of the geomagnetic field. The effects are as 
follows: 


(a) Changes of cosmic ray intensity can be produced firstly, by the elec- 
tric polarization of the beam through what is often referred to as the electric 


> > > 
effect which is proportional to (ux H)b. Here uw is the radial velocity of the 


particles of the beam while H and b are the frozen magnetic field in the beam 
and the width of the beam, both at R# respectively. The electric field can 
produce a modulation of intensity not only while the earth is within a beam but 
also when it is outside of it during the few days when the beam is approaching 
or receding from the earth. The second process which is often referred to as 
the magnetic effect produces a modulation of cosmic ray intensity through 
the reflection by the beam of low energy primaries. This effect can be expected 
mainly when the earth is within the beam. 


When the earth is not within the beam, the electric effect is operative 


only on particles above a certain minimum energy determined by H and b of 
the beam. The modulation is not present in cosmic ray primaries below a 
critical energy Ec (from 5 to 20 BeV, and sometimes according to Dorman as 
high as 100 BeV), but for primaries above Ec, the per cent modulation decreases 
with increasing primary energy. When the earth is within a beam both the 
electric and the magnetic effects should be operative. An effect, which can be 
observed only in low energy primaries when the earth is outside the beam, is 
related to the drift imposed by the outward gradient of the trapped field in 
the beam. The modulation of intensity by the magnetic effect would be 
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observed preferentially in low energy primaries, in the region 2 to 20 BeV 
(sometimes up to 100 BeV) as compared to primaries of higher energy. 


(b) All the processes discussed above in connection with the modulation 
of cosmic ray intensity would also disturb the isotropy of the primary radia- 
tion which could be observed through study of the daily variation. In addi- 
tion, the form of the daily variation is related to the orientation of the trapped 
magnetic field of the beam and to the distance from the sun at which the 
magnetic field gets weakened through turbulence. The energy dependence 
of the anisotropy is closely related to the energy dependence of the process of 
modulation of the mean intensity discussed above. 


(c) At the present moment there is no clear understanding of the physical 
processes through which the characteristics of the beam can be related in a 
quantitative way to the magnitude of Cp, the daily planetary character figure 
of geomagnetic disturbance. According to current thinking, geomagnetic 
disturbances are related to the interaction of the solar beams with the geo- 
magnetic field and it is expected that the important properties of the beam 
would be the energy in the beam, its density p and its velocity u. Thus a 
beam which has its trapped magnetic field largely randomised through turbu- 
lence would have negligible effect on cosmic rays but could still produce 
geomagnetic disturbances. While over a long period it may perhaps be 
legitimate to associate high Cp with the presence of a beam, we have little 
basis, at the present moment, to make specific inferences concerning p or u 
from the magnitude of Cp. The occurrence of high Cp in a time series of 
Cp, nevertheless appears to be of value in indicating the relative position of 
the beam with respect to the earth. 


From the foregoing considerations we can relate the electromagnetic 
state of the environment of the earth to the modulation of daily mean inten- 
sity I (I+, I°, I-), to the absence (2,”) or the presence of anisotropy (Zy,? or 
2x”), and to Cp. The orientation of the trapped magnetic field in a beam is 
of critical significance to the nature of modulation and anisotropy (daily 
variation) produced. The particular effects of the component perpendicular 
to the ecliptic ( + or |), the radial component (©) and the transverse compo- 
nent in the plane of the ecliptic (=) of the frozen field are summarised in 
Table VI._ The latitude and longitude of the anisotropy are indicated by the 
angles @ and X respectively at the earth produced by a virtual source. X is 
measured with respect to the sun-earth line. X =0 indicates a time of 
maximum of the diurnal component at noon. At an equatorial station, the 
measured time of maximum would then be at about 6 hours due to the geo- 
magnetic deflection of particles. 
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Dorman has attempted to test the validity of the model by comparing 
characteristics of the average diurnal variation measured under a variety of 
experimental conditions and relating them to predictions from theory. As 
regards the stream characteristics he makes distinction principally between 
streams of the first kind with H ~ 10- gauss which he relates to the quiet 
period diurnal variation and those of the second kind with H ~ 10~ which he 
relates to storm-time daily variation. 


Dorman’s comparison with experimental results is inadequate to test 
rigorously the validity of the model mainly because he relies on time averages 
over long periods and he considers only the diurnal component to describe 
the daily variation. Thus he neglects important aspects of the form of the 
daily variation and significant changes that take place in the form. The 
inadequacy is worst at an equatorial station such as Huancayo during 1948 
to 1953 where the form deviates significantly from a simple diurnal variation. 
Moreover, it is evident from our results that phenomenological distinction 
requires to be made between states defined not only in terms of a quiet period 
and a storm-time daily variation but also by other factors. While we are 
unable at present to study detailed characteristics on individual days, the 
average daily variation requires to be examined separately at least for states 
distinguished phenomenologically on considerations of modulation of inten- 
sity and geomagnetic disturbances. 


The effect of streams on cosmic ray intensity and anisotropy is summa- 
rised in Table VII.. The important states which can be identified in terms 
of the observable features indicated here are as follows: 


(1) Condition I° 2? may be associated with two unique states. The 
first is related to the absence of a beam, when we should expect low Cp, and 
the second is related to earth in a beam with no H at R,*. There would then 
be high Cp but no effect would be observable in cosmic rays. 


(2) If we have I° and simultaneously 2,2 or 2”, then the earth should 
be within a beam or situated symmetrically between two beams. This could 
be checked by looking at the time series of Cp for I® 2,2 Cp" and I® 2? Cp 
epochs and verifying whether we have one beam or two beams symmetrically 
situated to the right and to the left of the earth. The daily variation should 
show a maximum, outside the geomagnetic field, between 12 and 18 hours 
for + H and between 12 and 6 hours for | H which would approximately 
correspond to a diurnal maximum at an equatorial station between 8 to 14 
(nearer to 8 hours for the low energy particles) and 2 to 8 hours (nearer to 2 
for low energy particles) respectively. 
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(3) If we have L* and I- with 2'y° or 24° we could have one of the three 
following conditions: 


(a) The beam is in the plane of the ecliptic but outside the earth to 
the left or to the right of it. 


(b) The beam is in the plane of the ecliptic and the earth is in the beam. 


(c) The beam is above or below the plane of the ecliptic and the beam 
does not strike the earth at any stage. 


The first two conditions .can be identified by an increase of Cp and the 
third by the absence of change of Cp. Whether, in the first case, the earth is 
to the right or to the left of a beam can be determined by looking at the time 
series of Cp. There is then a precise relationship between I and the nature 
of the daily variation as indicated in Tables IV and V. 


It will be observed from this discussion that a correlated study of the 
daily variation of cosmic rays on individual days, the modulation of the daily 
mean intensity and the time series of Cp can enable a verification of the pro- 
posed model for the interpretation of the variations. Moreover, if the model 
is substantially correct, we have a tool to determine the electromagnetic state 
of beams in the neighbourhood of the earth. From the limited data collected 
so far and the analysis already undertaken, the authors have been able to 
make a beginning along these lines. The preliminary results can be summa- 
rised as follows: 


(1) Out of the total number of days of observation during the period 
1956-57, on 21% of the days we had the condition I°® 2,*, which is indicative 
of the absence of beams or the absence of a frozen magnetic field at Ré. Of 
these, 5% are high Cp days indicating the earth in beams without H. Medium 
Cp days have been neglected as they represent a transitionary state and cannot 
indentify the presence or absence of beams. 


(2) On 18% of all days, we have 1° 2,” or 1° 24, and this represents 
the earth within the beam or symmetrically situated between two beams. The 
first state (earth in the beam) is identified by high Cp and occurs on 6% of 
the days. While the second state (earth symmetrically situated between two 
beams) is identified by low Cp and occurs on 8% of days. 


(3) The relationship of the time series of Cp with those of I and ~1/I 
di/dt for I* and I- epochs for conditions which relate to the presence or the 
relative absence of a strong anisotropy of the primary radiation have been 
studied in Section 5.3 (Fig. 12). It has been observed that for decreases of 
intensity, there is high correlation between the time series of I and Cp on 


days with high anisotropy as well as on days with low anisotropy. On the 
AS 
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other hand, the correlation of the time series for Cp and — 1/I dI/dt is good 
only for 2? days when there is a strong anisotropy. Decreases of intensity 
can, therefore, be produced by the electric effect as well as the magnetic 
effect. When there is strong anisotropy present the electric effect is also 
observed. This implies that there are processes whereby a decrease of inten- 
sity can occur without the creation of a significant anisotropy. 


(4) An examination in Fig. 12 of the time series for I and Cp for both 
increases as well as decreases of I indicates that for It epoch days, Cp is high 
on and after the epoch while, for I- days, it is high on or before the epoch. 
Also when I* epochs are divided into groups characterised by high and low 
anisotropy it is seen that only epochs with high anisotropy are preceded 
by distrubance. This shows that for the I+ days the beams approach from 
the left and produce a strong anisotropy while for the I- days, they recede to 
the right. This implies that the component of electric field in the ecliptic 
plane as seen from the earth is in the direction left to right. This indicates 
the presence of a component of the frozen magnetic field in the same direction 
as the earth’s magnetic field. The direction of the magnetic field is in con- 
firmity both with the expected direction of the sunspot field during this period 
and the direction of the magnetic field of the sun. 


(5) While decreases can be due to both electric and magnetic effects 
of the beam, the increases can be due mainly to the electric effect and hence 
the decreases due to the two processes are additive while increases would 
represent the net result of their opposing effects on I. As has been shown in 
Section 3.1 this corresponds to the observations at Kodaikanal where the 
decreases of cosmic ray intensity are larger in amplitude than increases. 


7. CONCLUSIONS 


We summarise here some of the principle conclusions that emerge from 
the present study. 


(1) Day-to-day changes of intensity involve increases as well as decreases 
with respect to a base intensity for the period in question. Decreases are 
much larger in amplitude than increases. Decreases are generally related to 
the so-called ‘* magnetic effect’ of. beams, but if the “‘ electric effect ’’ is also 
present, there is high anisotropy. 


(2) The daily variation of intensity of local neutrons at an equatorial 
mountain station, during 1956-57, has often a large diurnal as well as a semi- 
diurnal component. The prominent features of the variation are a maximum 
near noon and a minimum at 2,000 hours. There is often a second maximum 
near midnight and a minimum at 0600 hours. 
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(3) On days of high geomagnetic disturbance, the daily variation exhi- 
bits abrupt changes indicative of the source being situated at a distance shorter 
than the range of the geomagnetic field. On geomagnetically quiet days, 
the daily variation has a form consistent with its being related to an anisotropy 
in interplanetary space. On days of moderate geomagnetic disturbance, 
the daily variation has changeable characteristics. 


(4) Correlated day-to-day changes of mean intensity and daily variation 
have been confirmed. For geomagnetically disturbed days, the semi-diurnal 
component is greater than the diurnal component for increases of intensity, 
and conversely for decreases of intensity. Low anisotropy is on the average 
associated with days of moderate and low Cp. 


(5) An examination of the time series of Cp for high intensity and for 
low intensity indicates the presence of a component of the frozen magnetic 
field in the direction of the solar dipole field. However during the period of 
observation the solar dipole field and the component of the sunspot field 
perpendicualr to the ecliptic were in the same direction. Therefore the results 
obtained cannot be considered either to confirm or refute the possibility of 
beams carrying sunspot fields with them. 


(6) For a rigorous test of various interpretations that are proposed there 
is need to refine measuring techniques to enable study of the daily variation 
on individual days. It is also necessary to examine single bi-hourly devia- 
tions in addition to the diurnal and semi-diurnal components of the daily 
variation. 


(7) Cosmic ray evidence concerning anisotropy and modulation of 
intensity appears to be very promising in supplementing geomagnetic data 
for the specification of the electromagnetic state of interplanetary space, in 
the neighbourhood of the earth. The orientation of the trapped magnetic 
field in a beam is of crucial significance to the nature of modulation and 
anisotropy or daily variation that is produced. At the present moment no 
detailed verification of the modulation theories involving beams could be 
considered to have been achieved. It appears that beams certainly play an 
important role, but it is more than likely that we have other processes as well. 


8. ACKNOWLEDGEMENTS 


The authors are grateful to K. R. Ramanathan, N. W. Nerurkar and to 
R. P. Kane for many valuable suggestions. One of us (V. S.) has had the 
opportunity of valuable discussions with B. Rossi and received hospitality at 
the Laboratory for Nuclear Science at the M.I.T., Cambridge, which are 
gratefully acknowledged. The apparatus at Kodaikanal was for some time 
A6 








116 V. SARABHAI AND SATYAPRAKASH 


under the supervision of T. S. G. Sastry and of B. A. Holla. To them, and 
to S. R. Thakore and the computation section we are greatly indebted. We 
are also grateful to U. D. Desai and S. P. Duggal for their kind assistance. 
We have received generous assistance from the Atomic Energy Commission 
of India. 


REFERENCES 
1. Sarabhai V. and .. Ann, Rev. Nucl. Sci., 1956, 6, 1. 
Nerurkar, N. W. 
2. Sekido, Y. and .. Rep. Ionosphere Res. Japan, 1950, 4, 37. 
Yoshida, S. 
3. Yoshida, S. and Kondo,I. J. Geomag. Geoelectr., 1954, 6, 15. 
4. Elliot, H. .. Progress in Cosmic Ray Physics, 1952, 1, Ch. VIII. 
5. Sandstrom, A. E. -. Tellus, 1955, 7, 204. 
6. Glokova, Ye.,S. Dorman, Oftchet NIIZM (Report) for 1955. 
L.I., Kaminer, N. S. 
and Tyanutova, G. V. 
7. Yoshida, S. .. Memoria del V Congreso Internacional de Radiacion Cosmo, 
1958, p. 358. 
8. Sarabhai, V. and Ibid., 1958, p. 316. 
Nerurkar, N. W. 
9. Sittkus, A. .. J. Atmos. Terr. Phys., 1955, 7, 80. 
10. Remy, E. and Sittkus, A. Z. Naturf., 1955, 10a, 172. 
11. Sarathai, V. and Nuovo Cimento, 1958, 8, 299. 
Bhavsar, P. D. 
12. Nagashima, K. .. J. Geomag. Geoelectr., 1955, 7, 51. 
13. Nerurxar, N. W. .. Proc. Ind. Acad. Sci., 1957, 45, 341. 
14, Dorman, L. I. .. J. Exptl. Theor. Phys., 1953, 26, 537. 
15. Thambyahpillai, T. and Nature, 1953, 171, 918. 
Elliot, H. 
16. Alfven, H. -- Tellus, 1954, 6, 232. 
17. Venkatesan, D. .. Ibid., 1957, 9, 209. 


18. Sarabhai, V., Desai, U.D. Phys. Rev., 1955, 99, 1490. 
and Venkatesan, D. 


and Sastry, T.S.G. Under preparation. 

















GAS AMPLIFICATION IN PROPORTIONAL 
COUNTERS 


By S. RAMAKRISHNA 
(Department of Physics, Indian Institute of Science, Bangalore-\2) 


Received September 19, 1959 
(Communicated by Prof. R. S. Krishnan, F.A.sc.) 


1. INTRODUCTION 


SEVERAL workers have studied the gas amplification factor and its variation 
with field strength for proportional counters. Rossi and Staub (1948) have 
given data for various gas fillings at different pressuzes. Rose and Korff 
(1941) have theoretically derived the following expression for the gas ampli- 
fication factor in terms of measurable quantities like the wire diameter, the 
pressure of the gas inside the counter and the specific ionisation coefficient, 


A =exp.(a.N.C.V.r)! {(¥,) —1}. (1) 


Measurements of gas amplification factors have been made by Rose 
and Korff (1941) and Rossi and Staub (1948) for testing the validity and 
scope of the above equation and also to determine which of the assumptions 
that have been made in the derivation of the theory are not completely justi- 
fiable. This paper describes measurements of gas amplification factor as 
a function of voltage under different conditions of pressure, gas filling and 
concentrations of the quenching agent. 


2. EXPERIMENTAL DETAILS 


The counter employed for the measurements was made of a copper 
cathode 10cm. long and 3-5cm. in diameter, with a 3 mil. central wire. 


Mono-energetic alpha rays from a PO* source were used for the experi- 
ments. 


The measurement of gas amplification factor was carried out according 
to the method used by Rossi and Staub (1948), Essentially, their method 
consisted in the use of an oscilloscope for the measurement of the pulse 
heights at various counter voltages. The counter was then operated in 
the ionisation chamber region and the electronic amplification necessary 
to produce an output pulse of the same height as before was taken as a 
measure of the gas amplification factor at the particular voltage. A linear 
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amplifier based on a circuit given by Elmore and Sands (1949) was con- 
structed and used for the present measurements. The amplifier linearity for 
input pulses ranging from 1004, (which was the minimum detectable signal 
above the noise level) to about 1 V (corresponding to a ratio of 1: 10,000 
in input pulse heights) was checked by standard methods. 


The counter was filled with the gas to be studied and placed in a well- 
shielded box to avoid pick-up. The pulses from the counter were displayed 
on the oscilloscope screen after amplification. When the counter was 
operating in the ionisation chamber region, which is indicated by the pulse 
height remaining appreciably constant with changes in applied voltage, 
the pulse height on the oscilloscope screen was measured. The voltage was 
then increased in steps and the pulse height was adjusted to be the same as 
when the counter was operating in the ionisation chamber region, by means 
of the attenuator. The amplification factor corresponding to a given voltage 
was obtained by noting the attenuation that was introduced. 


Ordinarily, such measurements would be limited by the setting in of 
space-charge effects. It has been shown (Venkatasubramanian, 1957) that 
space-charge effects become considerable at values of A as low as 10* for 
alpha particles whose entire track is assumed to be confined within the 
counting voiume. Rossi and Staub have also confined their values to less 
than 10%. 


In the following experiments, this upper limit has been pushed up by 
making the alpha particle spend only part of its track inside the counting 
volume. The total ionisation is consequently less and hence space-charge 
limitations set in at higher values of A. However, even this method cannot 
be carried too far, since if too small a portion of the track is spent inside 
the counter the error in the accurate computation of the pulse size increases. 
The author has therefore given values of A up to about 2,000 only. 


3. RESULTS 


Experiments were carried out on 10% and 25% argon-ethane and argon- 
CO, mixtures. The results obtained are graphically represented in Figs. 1-3. 
The critical voltages given in Table I indicate the onset of the Geiger 
region. It is seen that the gas amplification values range up to 1,000 for 
the argon-ethane mixture and the argon-CO, mixture. The gas amplifica- 
tion curves show some interesting features and these are discussed in Table I. 


4. DISCUSSION 


(a) Effect of Pressure.—Figure 1 gives the variation of A with the applied 
yoltage for two different gas pressures for argon-ethane counters, The 
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Gas filling 
Pressure 


TABLE I 


Argon + quenching agent 
10 cm. 





Critical voltage 








No. Quenching Agent volts 
: CO, CH, 
| 0 880 880 
2 10 1,200 980 
3 25 1,420 1,100 
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curves drawn by the author are in general agreement with the results of 
other workers. The increase in value of A at lower pressures is a result 
of a decrease in the threshold voltage. At higher pressures, the increase 
in A with voltage is less rapid since a/p does not increase as fast as it does 
at lower pressures. 


(b) Effect of Quenching Agent.—It is well known (Trost, 1937) that 
the addition of a little quenching agent like ethyl alcohol results in a reduc- 
tion of photo-emission and secondary electron emission in a Geiger counter, 
The action of the quenching agent in a proportional counter is also similar, 
The only difference is that in the former it prevents the setting in of a conti- 
nuous discharge, while in the latter it prevents the spread of the discharge 
along the central wire. 


The manner in which a quenching agent such as ethyl alcohol or methane 
prevents photo-emission and secondary electron emission has been described 
in detail by Korff and Present (1944). The de-excitation of excited atoms 
or molecules in the counter, by means of photon emission, causes a spread ~ 
in the discharge. This is prevented by the organic quenching gas since 
these normally have a continuous absorption band in the ultra-violet, in 
which region the photon energies normally fall. Diatomic and monatomic 
molecules, however, have stable and discrete electronic states and de-excite 
predominantly by photo-emission or fluorescence. Secondary electron 
emission takes place if the energetic ions are able to approach the cathode 
to within a critical distance (Massey, 1930) usually of the order of 10-’ cm. 
This is prevented by the quenching agent by a charge exchange process, 


At + (C,H;)}————A + (C,H;)* 


resulting in polyatomic molecules and not argon atoms to be incident on 
the cathode. These pre-dissociate rather than cause secondary emission, 
and even if in some cases they do liberate electrons, they are degraded in 
energy and are not capable of causing large avalanches. 


In view of the above considerations, it is evident that both ethane and 
carbon dioxide will be suitable as quenching agents. This is borne out 
by the fact that with only argon as the filling gas, the experimental curve 
departs from the theoretical predictions (by showing a faster rise than is 
expected) at gas amplification factors as low as 100, while with the addition 
of ethane or carbon dioxide, the exponential rise is maintained up to values 
of 2,000 for A. Argon-ethane counters have the desirable property of lower 
operating voltages, but the gas amplification characteristic of an argon- 
CO, counter is more satisfactory in the sense that the rate of increase of A 
with the applied voltage is not very rapid, Thus, both ethane and carbon 
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dioxide can be used with advantage as quenching vapours in proportional 
counters. 


(c) Effect of Concentration—At low gas amplification factors and at 
low concentrations of the quenching agent, there is hardly any effect at all 
on the gas amplification characteristic. Since none of the processes for 
the prevention of which the quenching agent is added are in operation at 
low values of A, this is to be expected. At higher values of A, however, 
the quenching agent prevents the pass-over into the Geiger region, for 
reasons given above. Table I gives the voltages at which Geiger discharge 
sets in, for various concentrations of the quenching agent. Carbon di- 
oxide is found to be more effective in this process since its ionisation poten- 
tial is nearer to that of argon and hence electron transfer is expected to be 
more efficient. A further reason is that in accordance with the theory, the 
addition of appreciable quantities of quenching agent changes the value 
of the term a, which is a characteristic of each gas (Curran and Craggs, 1949) 
in the expression for the gas amplification factor. 


Quantitatively, as seen from the curves, the slope at low gas amplification 
factors does not alter appreciably for concentrations up to about 30% in 
the case of ethane and 20% for CO,. The characteristics actually coincide 
in the low gas amplification region, within the experimental accuracy. This 
has also been observed by Colli and Facchini (1952) for low concentrations 
of CO . 


5. SUMMARY 


The variation of gas amplification with applied voltage is an important 
characteristic of a proportional counter. Results of studies on gas ampli- 
fication for gas fillings of argon quenched with ethane and carbon dioxide 
are given. The effects of (a) pressure, (b) quenching agent and (c) con- 
centration on A are discussed briefly. 
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